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ABSTRACT 
 
In mammals, an elaborate series of physiological events take place before fertilization of 
the female gamete. Upon insemination, a small fraction of the sperm deposited in the female 
reproductive tract is transported to the lower oviduct (isthmus) to form a functional sperm 
reservoir. The sperm reservoir extends sperm lifespan, prevents polyspermic fertilization, and is 
implicated in the regulation of capacitation. Once capacitated, a small number of sperm is 
released from the storage site to form a pool that can bind to the egg. The precise identity of the 
molecules that mediate the interactions between spermatozoa and epithelial cells of the isthmus 
are not currently known. Similarly, the molecules and mechanisms involved in the sperm release 
from the reservoir are poorly understood.  
It has been proposed, however, that oviduct glycans play a major role in the molecular 
interaction that leads to the formation of the sperm reservoir. A glycan array previously 
demonstrated that porcine sperm bound predominantly to motifs containing either biantennary 
α2,6 sialylated lactosamine (SiLN) or LewisX (LeX) trisaccharide present in the luminal 
epithelium of the isthmus. Functional data generated by blocking the interaction between 
uncapacitated sperm and isthmic oviduct cells in vitro strongly suggests that the glycoconjugates 
containing SiLN and Le
X
 are at least partially involved in the formation of sperm reservoir in 
swine. These glycans, involved in binding, are also implicated in the regulation of the 
capacitation process by extending sperm lifespan. Proper calcium ion uptake is a key element for 
the sperm to acquire hypermotility, which is essential in the final steps of capacitation. 
Uncapacitated sperm binding to SiLN and Le
X
 reduce intracellular Ca
2+
 levels under capacitating 
conditions, which is compatible with the notion that sperm binding to the isthmic epithelium 
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suppresses the normal Ca
2+
 increase in sperm that occurs during capacitation, thus extending 
sperm lifespan.  
The stimuli associated with separation of sperm and epithelial ligands, including glycans, 
on the oviductal isthmus are not entirely recognized. The endocrine milieu, changes in local 
secretory activity, and cumulus-oocyte complexes might participate in the events accompanying 
sperm release. This work demonstrated that progesterone stimulates sperm Ca
2+
 influx through 
CatSper, a sperm-specific channel. Moreover, these data suggest that progesterone and CatSper 
channels are involved in the process of sperm detachment from oviductal cells in vitro. 
Progesterone treatment of sperm bound to isthmic epithelial cells stimulated sperm detachment 
and inactivation of progesterone-responsive CatSper channels blocked the effect of progesterone 
on sperm release.  
Collectively, these data suggest that: 1) sperm binding to porcine epithelial cells of the 
oviductal isthmus to form a functional sperm reservoir is at least partially mediated by SiLN and 
Le
X
 glycan residues; 2) the glycans involved in the formation of the sperm reservoir suppress 
Ca
2+
 entry, thereby regulating sperm capacitation; and 3) progesterone-activated CatSper 
channels stimulate Ca
2+
 influx in boar sperm and detachment from oviductal explants. In general, 
the understanding of the molecular interactions that regulate sperm capacitation and lead sperm 
to fertilize the egg properly is paramount in the advancement of basic reproductive science in 
several species. This work improved the understanding of fertilization in a species in which 
ovulation is not always well synchronized with semen deposition. Moreover, especially in 
species like swine, this knowledge might soon contribute to improvements in conditions in which 
porcine semen is stored. 
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CHAPTER 1: GENERAL INTRODUCTION 
 
The Functional Sperm Reservoir in the Swine Oviduct  
With internal fertilization, female mammals and a number of other vertebrates developed 
specific mechanisms to create an appropriate environment in their reproductive tract to mature 
sperm in a timely manner to accommodate ovulation time (Topfer-Petersen et al., 2008). The 
maturational processes that the spermatozoa undergo are completed in the lower oviduct, also 
called isthmus, and are collectively known as capacitation (Fazeli et al., 1999, Topfer-Petersen et 
al., 2002, Tienthai et al., 2004, Holt and Fazeli, 2010). The fact that sperm have to dwell in the 
female reproductive tract for a period of time (species-specific) was not clearly understood until 
the early 1950’s. Chang (1951) and Austin (1952) independently demonstrated that sperm had to 
colonize the oviduct for at least 6 hours before ovulation to obtain rates of fertilized eggs similar 
to naturally mated control groups. In addition, experimental tubal reconstructive surgery in gilts 
to remove the isthmus resulted in elevated incidence of polyspermy (Hunter and Leglise, 1971), 
indicating that this section of the oviduct may play an important role in the normal course of 
fertilization. Capacitation involves a series of intricate regulatory events (for a comprehensive 
review of the general modifications observed during capacitation, refer to Visconti et al., 2011) 
that include changes in plasma membrane potential and ionic transport (Garbers et al., 1982, 
Demarco et al., 2003, Kirichok et al., 2006, Qi et al., 2007, Ho et al., 2009), changes in protein 
phosphorylation (Visconti et al., 1995a, Visconti et al., 1995b, Morgan et al., 2008, Mitchell et 
al., 2008), and membrane cholesterol efflux (Demarco et al., 2003, Signorelli et al., 2012). 
Sperm capacitation in vivo is modulated by the direct interaction between spermatozoa and the 
apical region of the epithelial cells lining the isthmus (Rodriguez-Martinez, 2007); therefore, the 
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temporal coordination of capacitation and selection of viable sperm are functions tightly 
regulated by the oviduct (Topfer-Petersen et al., 2002, Tienthai et al., 2004). In addition to 
binding to epithelial cells, sperm located in the isthmus are also under the influence of oviductal 
fluid. Exposure of boar sperm to oviductal pre-ovulatory fluid regulates important sperm 
functions such as viability and membrane stability, and decreases polyspermic fertilization (Coy 
et al., 2008,Killian, 2011). Because sperm lifespan is drastically reduced once maturational 
changes such as membrane modifications, calcium influx and protein phosphorylation take place, 
premature capacitation and acrosome reaction will lead to sperm death before fertilization is 
accomplished (Rodriguez-Martinez, 2007). Binding of sperm to the isthmic epithelium delays 
capacitation, extends lifespan and fertilizing ability (Murray and Smith, 1997), and selects 
morphologically viable sperm (Petrunkina et al., 2001) that are released from the reservoir in 
response to appropriate cues. Hunter et al. (1980) coined the term “functional sperm reservoir” in 
reference to the isthmic segment of the oviduct that temporarily harbors and activates sperm, 
releasing them to carry out fertilization.  
Formation of a sperm reservoir as a reproductive strategy is a widespread phenomenon 
documented in sheep (Hunter et al., 1980), hamsters (Smith and Yanagimachi, 1991), pigs 
(Suarez et al., 1991,Tienthai et al., 2004), guinea pigs (DeMott et al., 1995), mice (Demott and 
Suarez, 1992), birds, cattle (Lefebvre et al., 1995), humans (Baillie et al., 1997), salamanders 
(Sever, 1997), horses (Troedsson et al., 1998), tropical rattlesnakes (Almeida-Santos et al., 
2004), and turtles (Han et al., 2008). In the pig, in which ovulation is not well synchronized with 
fertilization (Belstra et al., 2004), the sperm reservoir gradually releases low numbers of 
potentially viable sperm for up to 40 hours in response to pre-ovulatory signals (Hunter, 2002). 
Nevertheless, the signals involved in sperm storage and release are not well understood.  
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 Like in other species, binding of boar sperm to oviductal epithelial cells is a carbohydrate 
mediated event (Green et al., 2001,Wagner et al., 2002,Topfer-Petersen et al., 2008). DeMott et 
al., (1995) tested the ability of certain glycoproteins to inhibit hamster sperm binding to excised 
oviducts. They found that the N-acetylneuraminic acid (sialic acid) termini of fetuin 
competitively inhibited epididymal sperm binding to oviductal cells of the isthmus.  Although 
fetuin does not seem to be physiologically relevant in the in the formation of the sperm reservoir 
in hamster, it was suggested that the authentic glycoprotein that tethers sperm to the isthmus 
shares sialic acid residues with the glycoprotein tested in their work. Correspondingly, binding of 
boar sperm to oviductal cells involves carbohydrate recognition (Topfer-Petersen et al., 2008). In 
a competitive sperm binding assay using free oviductal cells, lactose, maltose, and mannose 
inhibited sperm adhesion to oviductal epithelial cells (Green et al., 2001). Wagner et al., (2002) 
investigated the inhibitory competence of glycoproteins with different terminal sugar moieties in 
an oviductal explant binding assay. The glycoconjugates were enzymatically treated with peptide 
N-glycosidase F to remove the N-linked oligosaccharides from their protein backbone. 
Deglycosylated peptides were not able to inhibit binding while the intact glycopeptide reduced 
sperm binding successfully. Their results suggest that oligomannosyl sequences containing at 
least (Man)5(GlcNAc)2, typically occurring in N-linked sugars and found in ovalbumin, are 
responsible for binding. Although these experiments were significant to establish the nature of 
the binding between sperm and oviductal cells, the high concentration and limited number of 
saccharides and glycoproteins used in these trials hinders the interpretation of the results. 
Moreover, the understanding of the data might be challenging because the glycoproteins tested 
are not native of the normal oviductal environment. Recently, Kadirvel et al., (2012) 
demonstrated that sialylated biantennary N-Acetyllactosamine and Lewis X are at least partially 
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implicated in in sperm binding to porcine isthmic epithelial cells. Even though the physiological 
consequences of sperm binding to these specific sugars are not clear, they may play a key role in 
boar sperm capacitation. 
 
Modulation of Calcium Entry in Boar Sperm during Capacitation 
The presence of a cholesterol acceptor, membrane transport of HCO3
-
, and increase in 
intracellular calcium concentration are absolute requirements for the development of sperm 
capacitation in many mammals (Visconti, 2009). Calcium ions can make their way into the 
sperm cell via a number of voltage-gated Cav channels, CNG channels, TRP channels, and a 
recently-identified class of sperm-specific calcium channels, called CatSper (Publicover et al., 
2007,Darszon et al., 2011). Nevertheless, CatSper is the only type of sperm-specific Ca
2+
 
channel shown to be essential in the development of mammalian sperm hypermotility and 
fertility (Qi et al., 2007,Ho et al., 2009) and is involved in sperm activation in the oviduct 
(Lishko and Kirichok, 2010). CatSper channels are localized in the principal piece (Ren et al., 
2001,Qi et al., 2007) and characterized by 4 functional pore-forming α subunits (CatSper 1-4) 
and auxiliary β, γ, and δ subunits (Qi et al., 2007,Chung et al., 2011), weak voltage dependence 
and are strongly potentiated by increases in intracellular pH (Kirichok et al., 2006). Mouse sperm 
lacking either one of the 4 pore-forming subunits of CatSper or the auxiliary γ subunit do not 
present Ca
2+
 currents, suggesting that these channels are responsible for most of the Ca
2+
 influx 
in sperm (Kirichok et al., 2006). Using CatSper 1 and 2 null mice, Ho et al., (2009) demonstrated 
that mutant sperm failed to hyperactivate and detach from the isthmic epithelium. This 
observation suggests that sperm hyperactivation through CatSper channels is necessary for the 
development of fertility in mice. Also, sperm from mice lacking CatSper 3 and CatSper 4 are 
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unable to undergo hyperactivation and are infertile (Jin et al., 2007). Along with HCO3
-
, 
increased Ca
2+
 concentrations control the production of cAMP through soluble Adenylyl Cyclase 
(sAC). Cyclic AMP activates protein kinase A (PKA) that in turn phosphorylates a series of 
proteins initiating a signaling cascade that culminates in hypermotility of the sperm flagellum 
(Visconti, 2009). 
 In vivo sperm capacitation is a lengthy multi-step process that will eventually lead to the 
acrosome reaction and is directly associated with phosphorylation of tyrosine residues on a 
number of proteins (Salicioni et al., 2007), a downstream process strictly dependent on calcium 
influx (Breitbart, 2002,Florman et al., 2008). In addition, in vitro culture systems lacking either a 
cholesterol acceptor (usually bovine albumin), HCO3
-
, or Ca
2+
 fail to induce sperm capacitation 
(Visconti, 2009). Mechanisms that control the movement of ions, including calcium, through the 
sperm plasma membrane during capacitation in the isthmus are poorly understood, although it is 
known that influx of Ca
2+
 is a key regulator of sperm function (Publicover et al., 2007). Soluble 
and membrane-bound oviduct glycoproteins might regulate sperm calcium influx. 
 
Release of Sperm from the Oviduct Reservoir 
Equally central in the cascade of capacitation events and carried out by undetermined 
mechanisms, the release of sperm from the sperm reservoir has been the focus of a long-standing 
debate. Successful in vivo fertilization involves the establishment of a functional sperm reservoir, 
effective sperm capacitation, and gradual release of male gamete from the sperm reservoir 
towards the ovulated eggs (Brussow et al., 2008). The factor (s) responsible for sperm 
detachment from the porcine sperm reservoir is still unclear. However, it appears that sperm 
release from sperm reservoir and transport to the site of fertilization is activated by a mechanism 
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(s) associated with ovulation (Chang and Suarez, 2012). Release could be accomplished by 
changes in oviduct fluid, changes in oviduct cells, or changes in sperm that ultimately lead to 
sperm detachment. Hunter et al., (1983) proposed that peri-ovulatory increase in sex steroids and 
prostaglandins concentrations produced by pre-ovulatory tertiary follicles transported to the 
oviduct by a counter-current mechanism would regulate sperm release from isthmic epithelium 
but the target of these hormones is unknown. Estrogen and progesterone are about 1000 times 
more concentrated in the follicular fluid than in the systemic circulation (Eiler and Nalbandov, 
1977). Correspondingly, these hormones are 200 times more concentrated in the peri-follicular 
capillary network than in peripheral blood. The mechanism(s) linked to sperm release are 
unknown; however, hyperactivated sperm bound to the isthmic epithelia during the peri-
ovulatory period detach and reattach frequently (Chang and Suarez, 2012) as they progress 
toward the site of fertilization, unlike the sperm bound to the ampullar epithelium. The 
significance of these findings is not completely clear. Nevertheless, the final release of the 
fertilizing sperm might be accomplished by oviductal peristalsis. Pacey et al., (1995) suggested 
that there is a dynamic interaction among human sperm and oviductal epithelium. As sperm 
alternate periods of binding and release, hyperactivation might be sufficient to detach human 
sperm from the sperm reservoir.  
In addition to an endocrine triggered-release, the cumulus-oocyte complex (COC) may 
promote sperm release. Brussow et al. (2006) tested the presence of COC on sperm release from 
the sperm reservoir. They transferred COCs from donor gilts to ovariectomized recipient gilts 
primed with PMSG and hCG and observed that the number of sperm was increased significantly 
in the ampulla where the COCs were transferred compared to the controls. Their results suggest 
that porcine COCs are involved in the detachment of sperm from the sperm reservoir. Hunter and 
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Leglise (1971) proposed that progesterone modulated sperm transport in the pig. Upon ovulation, 
the cumulus cells coating the zona pellucida and those detached are released with the oocyte and 
remain associated with the egg for the next 46-48 h of the transit through the oviduct (Hunter, 
2002). Cumulus cells secrete progesterone (Schuetz and Dubin, 1981) in the micromolar range 
(10
5
 cells in 200 µL in culture). To test their hypothesis that progesterone promotes sperm 
release, Hunter (1972) injected progesterone directly under the isthmic subserosa of gilts, which 
led to a significant increase in polyspermic fertilization. Taken together, these observations 
suggest that progesterone is directly involved in the porcine sperm release from the sperm 
reservoir. Interestingly, although the precise mechanism has not been elucidated, progesterone 
stimulates the detachment of sperm from the sperm storage tubules in birds (Ito et al., 2011).  
 The mechanism by which progesterone exert its effects on the transcriptionally silent 
sperm has been elusive for quite a long time despite the knowledge of their association 
(Blackmore et al., 1990). Typically, progesterone crosses the plasma membrane of target somatic 
cells, binds to nuclear receptors and stimulates gene transcription in a process that usually takes 
several hours. Conversely, progesterone stimulates human sperm to uptake Ca
2+
 within seconds 
(Blackmore et al., 1991), indicating a fast, nongenomic action of progesterone (Falkenstein et al., 
1999). It was not until recently that Lishko et al. (2011) and Strunker et al. (2011) demonstrated 
that nanomolar concentrations of progesterone stimulate Ca
2+
 entry into human sperm through 
activation of the Ca
2+
 channel known as CatSper. Their findings were only possible with the 
improvement of patch-clamping technique to record ionic currents on the plasma membrane of 
the principal piece of mouse sperm (Kirichok et al., 2006). Both groups compared the 
electrophysiological patterns of the progesterone-induced currents with those of CatSper, and 
they were entirely corresponding. These currents were identified in isolated sperm tails (Lishko 
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et al., 2011) and are enhanced in capacitating conditions (Lishko et al., 2011, Strunker et al., 
2011). Progesterone activation of CatSper does not require second messengers or metabotropic 
receptors because currents elicited by this hormone occur in absence of intracellular Ca
2+
, GTP, 
and ATP. Activation of PKA through adenylyl cyclase/cAMP pathway is unrelated to CatSper 
potentiation as well (Strunker et al., 2011). In addition to progesterone, intracellular 
alkalinization modulated CatSper voltage sensitivity, allowing activity at lower voltages. The 
authors suggest that progesterone and increased intracellular pH have a synergistic effect. To rule 
out involvement of genomic activation on CatSper action the authors used Mifepristone (RU-
486), a genomic progesterone receptor antagonist, and found that it did not alter progesterone-
induced CatSper current. Nonetheless, T-type channel inhibitors such as NNC 55-0396 and 
Mibefradil efficiently blocked progesterone currents. The importance of CatSper in the 
modulation of sperm function has been clearly supported by genetic experiments using mice. 
Targeted elimination of CatSper protein generated morphologically normal yet infertile mice 
(Ren et al., 2001). Disruption of the Tmem146 gene that encodes CatSper δ, a critical auxiliary 
subunit for CatSper1 function, generated mice that produce sperm unable to hyperactivate and 
were infertile (Chung et al., 2011). Furthermore, in human sperm, disruption of the progesterone-
mediated Ca
2+
 entry mechanism is associated with low fertility (Baldi et al., 2009).  
CatSper channels are strongly associated with sperm hyperactivation that is necessary for 
fertility (Carlson et al., 2009). Strunker et al. (2011) suggested that these channels might also be 
implicated in chemotaxis. In fact, Blengini et al. (2011) demonstrated that human sperm were 
able to re-orient themselves and swim toward a progesterone source.  
The cascade of events that lead to fertilization is part of a complex series of signaling 
mechanisms that synchronize ovulation and capacitation in the upper female reproductive tract. 
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The goal of our investigation is to test the importance of specific sugars in the regulation of boar 
sperm and factors that might be responsible for the release of sperm from the sperm reservoir. 
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CHAPTER 2: PORCINE SPERM BIND TO SPECIFIC 6-SIALYLATED 
BIANTENNARY GLYCANS TO FORM THE OVIDUCT RESERVOIR
1,2
 
 
Abstract 
After mating, many female mammals store a subpopulation of sperm in the lower portion of 
the oviduct, forming a reservoir. The reservoir lengthens sperm lifespan, regulates sperm 
capacitation, controls polyspermy and selects normal sperm. It is believed that sperm bind to 
glycans on the oviduct epithelium to form the reservoir but the specific adhesion molecules that 
retain sperm are unclear. Herein, using a glycan array to test 377 glycans for their ability to bind 
porcine sperm, we found two glycan motifs in common among all glycans with sperm binding 
ability; the Lewis X trisaccharide and biantennary structures containing a mannose core with 6-
sialylated lactosamine at one or more termini. Binding to both motifs was specific; isomers of 
each motif did not bind sperm.  Further work focused on sialylated lactosamine. Sialylated 
lactosamine was found abundantly on the apical side of epithelial cells collected from the oviduct 
isthmus, among N-linked and O-linked glycans. Sialylated lactosamine bound to the head of 
sperm, the region that interacts with the oviduct epithelium. After capacitation, sperm lost 
affinity for sialylated lactosamine. Receptor modification may contribute to release from the 
reservoir so sperm can move to the site of fertilization. Sialylated lactosamine was required for 
sperm to bind oviduct cells. Simbucus nigra agglutinin (SNA) or an antibody specific to 
sialylated lactosamine with a preference for Neu5Ac2-6Gal rather than Neu5Ac2-3Gal 
reduced sperm binding to oviduct isthmic cells, as did occupying putative receptors on sperm 
                                                          
1
 Previously published material in Biology of Reproduction as Kadirvel, G., Machado, S.A., Korneli, C., Collins, E., Miller, P., 
Bess, K.N., Aoki, K., Tiemeyer, M., Bovin, N., Miller, D.J., 2012. Porcine sperm bind to specific 6-sialylated biantennary 
glycans to form the oviduct reservoir. Biol. Reprod. 87, 147. 
2
 Experiments represented by Figures 1, 2, 4, and 5 were performed by others. 
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with sialylated biantennary glycans. These results demonstrate that sperm binding to oviduct 6-
sialylated biantennary glycans is necessary for normal adhesion to the oviduct. 
 
Introduction 
Sperm storage in the female reproductive tract after mating is used by a variety of animals to 
maintain fertility, particularly in species in which mating and ovulation are poorly synchronized 
(Holt, 2011). Sperm storage has been documented in salamanders (Sever and Brizzi, 1998), 
snakes, turtles (Gist and Jones, 1987), many birds and mammals (Holt et al., 2006, Holt, 2011) 
including a species of bat in which ovulation and fertilization occur months after mating 
(Crichton and Krutzsch, 1987). In many mammals, the major location of the sperm reservoir is 
the lower oviduct, the isthmus and utero-tubal junction (Hunter, 1991, Mburu et al., 1996, Mburu 
et al., 1997, Tienthai et al., 2000, Suarez and Pacey, 2006, Suarez, 2008).  After mating, small 
fractions of sperm enter the oviduct in a regulated process that requires specific sperm proteins 
(Nakanishi et al., 2004, Yamaguchi et al., 2012). In the lower oviduct, the epithelial cell lining 
retains some sperm, forming a reservoir (Suarez and Pacey, 2006, Suarez, 2008, Hunter et al., 
1991). This reservoir lengthens the fertile lifespan of sperm (Pollard et al., 1991, Kawakami et 
al., 2001) and appears to regulate capacitation to provide a supply of fertile cells to the site of 
fertilization (Dobrinski et al., 1997, Boilard et al., 2002, Fazeli et al., 2003, Tienthai et al., 2004). 
The sperm reservoir also controls the number of sperm at the site of fertilization to limit the 
opportunity for polyspermy (Coy et al., 2008). Finally, the oviduct appears to be able to select 
sperm with normal acrosome morphology, those that are capable of fertilizing oocytes (Teijeiro 
et al., 2011, Teijeiro and Marini, 2012).   
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The oviduct can affect fertilization broadly by altering the fluid environment (Coy et al., 
2010, Killian, 2011) or by regulating adhesion of sperm to its epithelium, which is the focus of 
this report. Sperm bind to epithelial cells lining the oviduct in a cell-restricted manner (Pacey et 
al., 1995a, Pacey et al., 1995b, Kervancioglu et al., 2000, Suarez and Pacey, 2006). Binding to 
the oviduct maintains sperm viability and motility (Rodriguez-Martinez, 2007, Hung and Suarez, 
2010). The ability to maintain sperm viability is not a common property of all cells (Boilard et 
al., 2002) and requires direct membrane contact between sperm and oviduct epithelial cells  
(Dobrinski et al., 1997, Murray and Smith, 1997, Smith and Nothnick, 1997).  
The identity of the molecules that mediate sperm binding to the oviduct is controversial. It 
appears that different species may use different adhesion molecules. Using bovine tissues, one 
group found that two oviduct proteins, the chaperones GRP78 and HSP60, bound to sperm 
(Boilard et al., 2004). In contrast, a second group, also using bovine sperm, proposed that 
oviduct plasma membrane annexins containing fucose bind to accessory gland proteins deposited 
on sperm at ejaculation (Ignotz et al., 2007). Studies of porcine sperm also implicated accessory 
gland secretions added to sperm in oviduct binding (Ekhlasi-Hundrieser et al., 2005, Topfer-
Petersen et al., 2008). However, the observation that epididymal sperm, not exposed to accessory 
gland proteins, are fertile is in conflict with a requirement of receptors of accessory gland origin 
for fertility (Amann and Griel, 1974).  
There is evidence in several species that sperm binding to the isthmus is mediated by glycans 
found on oviduct epithelial cells (Suarez, 2001,Wagner et al., 2002). A considerable number of 
early studies suggested that oviduct glycans bind sperm (DeMott et al., 1995, Lefebvre et al., 
1997, Green et al., 2001, Wagner et al., 2002). These conclusions were based on the ability of a 
competitor to bind to one of a pair of co-receptors and inhibit the normal interaction. 
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Unfortunately these assays tested a limited number of monosaccharides and small 
oligosaccharides making their physiological relevance uncertain.  
To define the molecular components of the porcine oviduct sperm reservoir, we used a novel 
and more global approach to detect glycans that bind sperm, using an array of 377 glycans 
including simple and more complex glycans (Blixt et al., 2004, Smith et al., 2010).  This array 
was originally developed to identify glycans that purified lectins would bind but we found it was 
useful for motile cells in suspension. We also determined if glycans with the ability to bind 
uncapacitated sperm were present within the oviduct ampulla and isthmus and localized the 
region of sperm to which they bound.  Finally, we interrogated the biological importance of the 
glycans of interest by blocking both the glycan in the oviduct and its putative receptor/s on 
sperm. 
 
Materials and Methods 
Collection and Processing of Sperm 
For each of the four replicates, ejaculated semen samples were collected from 3-5 different 
mature boars and diluted in extender. Samples were stored at 16º to 18º C up to 24 hr prior to 
use.  Three ml of pooled extended semen were washed through Percoll gradients containing 5.4 
ml Percoll, 0.6 ml 10X HBS (1.3 M NaCl, 40 mM KCl, 10 mM CaCl2, 5 mM MgCl2), and 4 ml 
dmTALP (2.1 mM CaCl2, 3.1 mM KCl, 1.5 mM MgCl2, 100 mM NaCl, 0.29 mM KH2PO4, 
0.36% lactic acid, 26 mM NaHCO3, 0.6% BSA, 1 mM pyruvic acid, 20 mM HEPES pH 7.3, 10 
units/ml penicillin, 10 g/ml streptomycin) at 800xg for 10 min.  Sperm were washed with 5 ml 
dmTALP and pelleted for 5 min at 600xg.  Samples with greater than 80% motility were used 
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immediately for experiments. Sperm concentration was determined by hemocytometer and 
adjusted according to the experiment. 
 
Glycan Array Analysis 
Washed sperm were stained with 200 nM Syto-16 for 15 min, placed in a culture dish and a 
glycan array slide (Version 3.1) was floated, glycan-side down, on the surface of the sperm 
suspension at 39ºC for 15 min. The slide was removed carefully, rinsed gently or more 
vigorously thrice and dried for analysis. Fluorescence on each glycan spot was quantitated by the 
Consortium for Functional Glycomics, as described (Blixt et al., 2004, Smith et al., 2010). 
Background fluorescence was subtracted from the value for each glycan. 
 
Collection of Oviduct Epithelial Cells 
For each experiment, the isthmus of 15-20 oviducts were collected from pre and post-
pubertal females and transported in PBS in a sterile 50 ml conical tube on ice.  After 2-20 hr on 
ice, the oviducts were processed at the lab. The isthmus was trimmed and the edge of a 
microscope slide was used to apply pressure to the outside of the oviduct and strip sheets of 
oviduct epithelial cells from the isthmus. Epithelial sheets in PBS were transferred to a 15 ml 
conical tube and centrifuged at 100xg for 1 min. After removing the supernatant, the cells were 
de-aggregated by passage through a 1 ml pipette tip 10 times. After bringing the volume to 15 ml 
with PBS, the suspension was centrifuged again. The partially de-aggregated cells in the pellet 
were passed through a 22-gauge needle ten times.  After adjusting the volume to 12 ml with 
dmTALP, the cells were divided evenly into three 100-mm tissue culture dishes. Cells were 
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allowed to re-aggregate for 90-120 min at 39
o
C. Spherical aggregates that were 100-200 m in 
diameter were selected for experiments. 
 
MS Analysis of Oviduct Glycans 
Protein powder was prepared from oviduct epithelial sheets as described previously (Aoki et 
al., 2007). Briefly, oviduct isthmic epithelial cells were homogenized and delipidated in a solvent 
mixture with a final ratio of 4:8:3 chloroform/methanol/water. The extracted material was 
allowed to incubate for 6 h at room temperature. The precipitated protein material was collected 
by centrifugation, and the resulting protein pellet was re-extracted with fresh solvent. The 
precipitated protein pellet was washed with ice-cold 20% acetone and then dried under a gentle 
nitrogen stream at 45°C.  
Glycosphingolipids were analyzed as described (Nimrichter et al., 2008, Sturgill et al., 2012). 
In brief, lipid extracts containing glycosphingolipids were combined and dried under a nitrogen 
stream. Glycerolipids were removed by incubating with 0.5M NaOH in methanol. The reaction 
mixture was neutralized with acetic acid and desalted on a Sep-Pak C18 cartridge column.  The 
column was preconditioned with methanol and water.  The sample was adjusted to 50% aqueous 
methanol and loaded onto a column.  Salt was removed by washing the column with water, and 
glycosphingolipids were eluted with methanol, and dried under a nitrogen stream. 
Glycosphingolipids were permethylated, dissolved in 50 μl of 1 mM NaOH in methanol/water 
(1:1) for infusion, and analyzed by nanospray ionization mass spectrometry. 
N-linked glycans were prepared from tryptic/chymotryptic digests of protein powder as 
previously described (Aoki et al., 2007). Following enzymatic release with peptide-N-
glycosidase F (Prozyme, San Leandro, CA), liberated N-linked glycans were permethylated 
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(Anumula and Taylor, 1992) and analyzed by nanospray ionization, ion trap mass spectrometry 
(NSI-LTQ/Orbitrap, Thermo Fisher). 
O-Glycans were released using reductive β-elimination as reported previously (Aoki et al., 
2008). Briefly, protein powder was resuspended with 1 M NaBH4 in 100 mM NaOH and 
incubated at 45°C for 18 h. The reaction mixture was neutralized with 10% acetic acid on ice and 
then loaded onto a column of AG 50W-X8 cation-exchange resin (Bio-Rad, Hercules, CA) for 
desalting. The released oligosaccharides were eluted from the column with 3 volumes of 5% 
acetic acid and taken to dryness using a SpeedVac. Borate was removed by adding 10% acetic 
acid in methanol and drying under a nitrogen stream at 45°C. The sample was then resuspended 
in 5% acetic acid and loaded onto a C18 cartridge column (JT Baker, Phillipsburg, NJ) that was 
previously washed with acetonitrile and pre-equilibrated with 5% acetic acid. Flow-through from 
the column was collected after loading; the column was washed with 3 ml of 5% acetic acid. The 
flow-through and washes were combined and evaporated to dryness.  
Released oligosaccharides were permethylated to facilitate their analysis by mass 
spectrometry as reported previously (Aoki et al., 2007). Sulfated permethylated glycans were 
fractionated on a Sep-Pak C18 (Yu et al., 2009). For MS of sulfated glycans in negative ion 
mode, permethylated sulfated glycans were reconstituted in 50 μl of methanol/2-propanol/1-
propanol/13 mM aqueous ammonium acetate (16:3:3:2 by volume) for infusion. For MS of 
permethylated sulfated and non-sulfated glycans in positive ion mode, permethylated glycans 
were dissolved in 50 μl of 1 mM NaOH in methanol/water (1:1) for infusion. Both preparations 
were analyzed by infusion into a linear ion trap mass spectrometer (LTQ; Thermo Fisher 
Scientific, Waltham, MA) using a nanoelectrospray source at a syringe flow rate of 0.40 µl/min 
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and capillary temperature set to 210°C (Anumula and Taylor, 1992, Vukelic et al., 2005, Aoki et 
al., 2007, Nimrichter et al., 2008). 
The total ion mapping (TIM) function of the Xcalibur software package was used to detect 
and quantify the prevalence of all detected glycan structures. Through the application of TIM, 
MS/MS spectra were acquired within overlapping collection windows that span 2.8 mass units. 
This method was used to scan the m/z range from 200 to 2000. Following characterization of 
glycan structures observed from the resulting TIM scan, the relative abundance of either 
individual glycans or groups of isobaric glycans was determined. The relative abundance of the 
observed glycan structures was calculated based upon the peak area from a single glycan 
structure relative to the total area of all observed glycan structures. 
 
Localization of Glycan Binding to Sperm 
Semen samples were washed through Percoll and incubated in capacitating conditions at 10-
20 million cells/ml in dmTALP at 39ºC for 4 hr. These conditions promote sperm capacitation, 
assessed by increased tyrosine phosphorylation and the ability to undergo the acrosome reaction 
(Tardif et al., 2003, Awda and Buhr, 2010). As a control, sperm were incubated at 39ºC for 4 hr 
in dmTALP in which sodium bicarbonate was replaced by an equimolar quantity of HEPES and 
BSA was replaced by an equal mass concentration of PVP (dmTALP-NC). This formulation 
does not allow capacitation (Tardif et al., 2003). Specific fluorescein-conjugated glycans on a 
polyacrylamide core were prepared, as described (Galanina et al., 1998, Galanina et al., 2001) 
and incubated with sperm at a final concentration of 50 µg/ml for 30 min at 39ºC. Each 30 kDa 
molecule of polyacrylamide had 20% glycan, by molarity. Sperm were immobilized with 0.01% 
formaldehyde (final concentration), placed on a slide under a coverslip, and observed by 
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fluorescence microscopy and Nomarski optics. In each experiment, at least 100 sperm were 
observed and counted in each group.  
 
Assay of Sperm Binding to Oviduct Epithelial Cells 
To test the effect of glycans, lectins or antibodies on sperm-oviduct cell adhesion, an assay to 
detect sperm binding to oviduct cell aggregates was used. Spherical oviduct cell aggregates were 
selected and washed twice in 100 l drops of fresh dmTALP. A Stripper Pipette (MidAtlantic 
Diagnostics, Inc., Mount Laurel, NJ) with a 250 m internal diameter tip was used to collect 
oviduct epithelial cell aggregates and wash them. Depending upon the experiment, either the cell 
aggregates were pre-treated with lectins and antibodies that bind sialylated lactosamine, or the 
sperm were pre-treated with sugars to block lectins. Cell aggregates were pre-incubated for 30 
min at 39°C in 45-49 l of Simbucus nigra agglutinin lectin (SNA, Vector Laboratories, 
Burlingame, CA), Maackia amurensis lectin II (MAL II, Vector Laboratories), GL7 monoclonal 
antibody (BD Biosciences, Franklin Lakes, NJ) or IgM control (BD Biosciences) for a final 
concentration of 4-250 g/ml (the graphed concentration) in non-capacitating dmTALP. Sperm 
in non-capacitating dmTALP were added to bring the total volume to 50 l (final concentration 
of 0.5 x 10
6
 cells/ml). In other experiments, sperm were pre-incubated with 8-200 g/ml of 
different glycoconjugates in 47 l non-capacitating dmTALP for 30 min (the graphed 
concentration) at 39°C. Oviduct cell aggregates were then added in 3 l to pre-incubated sperm 
for a total volume of 50 l. At least 10 aggregates were added to each droplet in triplicate 
droplets. Sperm and oviduct cell aggregates were co-incubated at 39 °C for 15 min to allow 
sperm binding to aggregates. After co-incubation, free and loosely attached sperm were removed 
by washing with 30 l of non-capacitating dmTALP. Aggregates were transferred onto a 
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microscope slide in a volume of 3 µl. Each droplet with 10 aggregate-sperm complexes was 
considered an experimental unit for statistical analysis. Images were captured using a Zeiss 
Axioskop and AxioCam HRc digital camera (Carl Zeiss, Thornwood, NY). The number of sperm 
bound to the periphery of each aggregate was enumerated and the circumference of the aggregate 
calculated using AxioVision V 4.5 software (Carl Zeiss, Thornwood, NY). The number of sperm 
bound per mm circumference was calculated for each aggregate. The average of more than 10 
aggregates for each droplet was used for statistical analysis.  
For statistical analysis of sperm-oviduct cell binding data, we used SAS software (v. 9.1 
SAS Institute, Inc, Cary, NC) to run an one-way analysis of variance using GLM (General Linear 
Models) procedure in accordance with the general model: Yij=µ + αi + εij (where Yij is the j
th
 
sample observation from population i; µ is the overall mean; α is an effect due to population i; 
and ε is the random deviation of Yij about the i
th
 population mean). Results are presented as 
means ± SEM. Differences were considered to be significant if p < 0.05 using Tukey’s test for 
multiple comparisons. 
 
Collection and Fixation of Oviducts for Localization of Sialylated Lactosamine 
Oviducts were collected and sorted by reproductive stage at Momence Packing Company, 
Inc. (Momence, IL). The stages included were follicular (> 10 antral follicles on both ovaries 
combined of 7-12 mm diameter and no corpora lutea > 6 mm), luteal (> 12 corpora lutea, which 
were > 6 mm), and anestrous (no follicles > 3 mm and no corpora lutea > 5 mm) as described 
(Knox, 2005). Oviducts were from 4 sows in the follicular phase, 5 sows in the luteal phase, and 
2 sows in anestrous. After collection, the oviducts were transported on ice back to the lab and 
washed gently in PBS. One cm portions of the oviduct were excised and placed in a 1.5 ml 
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microfuge tube.  Six sections per oviduct were used, the upper, middle and lower isthmus and the 
upper, middle and lower ampulla.  Each section was fixed overnight in 4% paraformaldehyde. 
Tissues were washed 3X in PBS for 5 minutes each. Oviducts were dehydrated for long-term 
storage with 10, 20, and 30% sucrose solutions (1X PBS) in subsequent overnight incubations.  
Samples of these regions were placed into Tissue Embedding Molds in a 1:1 mixture of 30% 
sucrose solution and OCT compound. Rapid freezing to avoid crystallization within the sample 
was accomplished by dipping the embedding molds with the sample and sucrose-OCT mixture 
into isopentane chilled with liquid nitrogen.  After freezing, tissue blocks were kept on dry ice or 
stored at -80
o
C. 
Samples were cryosectioned and stained with 10 g/ml fluorescein-labeled Simbucus nigra 
agglutinin lectin (SNA, Vector Laboratories, Burlingame, CA), which detects sialic acid attached 
to galactose in an -2,6 linkage but not sialic acid attached to galactose in an -2,3 linkage 
(Smith et al., 2010, Song et al., 2011). Slides were examined under fluorescence optics using a 
compound Zeiss microscope and AxioCam with AxioVision software. Observations were made 
at 100X, 400X, and 630X. Comparisons for each stage of the estrous cycle were made. 
 
Results 
Analysis of Glycans that Bind Sperm Using the Glycan Array 
Previous studies of glycans proposed to form the mammalian oviduct sperm reservoir have 
investigated a very limited number of glycans. To conduct a much broader survey of glycans that 
might be involved in porcine sperm binding, we used a glycan array that was first developed to 
assess which glycans purified lectins would bind (Blixt et al., 2004, Smith et al., 2010). Version 
3.1 contained 377 glycans linked covalently to a glass slide. We used this as an affinity matrix 
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for sperm. By floating the slide, glycan-side down, on a suspension of uncapacitated sperm, 
binding of only motile cells that could swim up in the medium and collide with glycans on the 
array was assessed. Prior to incubation with the array, sperm were labeled with the fluorochrome 
Syto-16 for detection of sperm bound to the array. After allowing 15 min for sperm binding, the 
slides were washed. Similar results were obtained whether moderate or less stringent washing 
conditions were performed after sperm-array incubation. Bound sperm were detected by 
fluorescence (Figure 1). 
All the glycans to which sperm bound contained one of two glycan motifs, either a Lewis X 
trisaccharide (Le
X
, Figure 1 and shaded part of Figure 2) or a branched structure with core 
mannose and antennae terminating in the sialylated lactosamine trisaccharide or, in some cases, 
terminating in simply lactosamine (Figure 1 and unshaded part of Figure 2). Four of the glycan-
spacer combinations that bound the most sperm differed only in the spacer used (Glycans 55, 56, 
200, and 322); the glycan was the same. The other three glycans sharing the branched 
lactosamine motif were sialylated on just one antenna or on neither antenna (Glycans 321, 296, 
350). In all sialic acid-containing structures that bound sperm, sialic acid was linked to the 6 
position of galactose rather than the 3 position, demonstrating that a specific linkage was 
necessary to bind sperm. Furthermore, the branched structure on a mannose core was required. 
Single sialylated lactosamine trisaccharides (Neu5Ac2-6Gal1-4GlcNAc) did not bind sperm.  
The Le
X
 motif was found in 6 glycans that bound sperm. Four sperm-binding glycans 
contained a Le
X
 dimer or trimer. One sperm-binding glycan was simply the sulfated version of 
Le
X
 monomer. Finally, one sperm-binding glycan was a dimer of two trisaccharides, Le
X
 linked 
to Le
A
, the structurally related Lewis A trisaccharide (a positional isomer; the linkage of Gal and 
Fuc to GlcNAc is switched between these Lewis structures). Fucose substitution on Le
X
 was 
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necessary because sulfated or unsulfated Gal1-4GlcNAc (N-acetyllactosamine) did not bind 
sperm. In total, these results indicated that uncapacitated porcine sperm bind very specifically to 
glycans containing Le
X
 or branched sialylated lactosamine motifs. 
 
Profile of Oviduct Glycans 
To confirm that the oviduct isthmus produces glycans with motifs that bind sperm and to 
identify the entire structures of the sperm binding glycans, we collected epithelial sheets from the 
isthmus of post-pubertal females, digested the proteins enzymatically, and analyzed the 
remaining glycan components of glycoproteins by spray MS/MS. N-glycans were released using 
peptide-N-glycosidase F. As expected in preparations from cell lysates, there was an abundance 
of incompletely processed oligomannose glycan structures (Figure 3A). Most of the complex-
type oligosaccharides were biantennary and had a sialyl residue on at least one non-reducing 
terminus. Some biantennary glycans had sialyl residues on each terminus and interestingly, some 
had a sialyl residue on one terminus and a Lewis structure on the second. Oviduct epithelial cells 
had numerous O-linked glycans, most of which were Core 2-derived oligosaccharides (Figure 
3B). Many O-linked glycans were branched with at least one terminus containing a sialyl 
residue.  Several had a sialylated lactosamine trisaccharide on the nonreducing terminus of one 
antenna. A series of sulfated O-linked glycans were detected in oviduct epithelial cells but none 
of these were among those found to bind sperm (Supplemental Data, Figure 1). One of the 
glycans from oviduct epithelial cells glycosphingolipids contained a terminal Lewis structure but 
it was not abundant (Figure 3C). Thus, both N- and O-linked glycans and glycolipids contained 
Lewis structures and/or biantennary glycans with terminal sialylated lactosamine and most of the 
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glycan motifs that bound the greatest number of sperm were found among glycans linked to 
glycoproteins. 
 
6-Sialylated Lactosamine is Abundant in the Oviduct Epithelium 
The remainder of this study was focused on sialylated lactosamine. To localize sialylated 
lactosamine structures in the oviduct, tissue from the upper, middle and lower ampulla and 
isthmus was fixed and stained with fluorescein-conjugated Simbucus nigra agglutinin lectin 
(SNA), which binds to sialic acid attached to galactose in an -2,6 linkage preferentially and not 
sialic acid attached to galactose in an -2,3 linkage (Smith et al., 2010, Song et al., 2011). 
Abundant sialylated lactosamine was detected on the epithelium of all parts of the ampulla and 
isthmus including ciliated and non-ciliated cells (Figure 4). Similar results were obtained if the 
sections were stained with the GL7 monoclonal antibody that detects sialic acid attached to 
galactose in an -2,3 linkage (data not shown) (Naito et al., 2007). The sections shown were 
collected from animals that had more than 10 antral follicles in total on both ovaries, 7-12 mm 
diameter and no corpora lutea > 6 mm, animals expected to be in proestrus or estrus (Knox, 
2005). However, similar staining was observed in oviducts collected from sows in diestrus or just 
prior to puberty (data not shown).  
 
Biantennary Glycans with 6-Sialylated Lactosamine Bind to the Sperm Head 
The portion of sperm that binds to the oviduct epithelium is the head (Suarez et al., 1991). If 
branched sialylated lactosamine motifs on the oviduct epithelium have an important role in 
binding sperm, we hypothesized that receptors for these motifs would be found on the sperm 
head. To test this, sperm were incubated with 6-sialylated lactosamine on a mannose biantennary 
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core linked to a chain of polyacrylamide that was directly labeled with fluorescein (Galanina et 
al., 1998, Galanina et al., 2001). Labeled 6-sialylated lactosamine biantennary glycan bound to 
the anterior head of nearly 70% sperm and preferentially to the apical edge of the head overlying 
the acrosome (Figure 5 A-C, J). In some experiments, propidium iodide was also added to sperm 
to identify membrane-compromised sperm. Nearly all the sperm that bound branched sialylated 
lactosamine did not stain with propidium iodide and thus viable (data not shown).  As a control, 
the disaccharide lactosamine was linked to polyacrylamide and fluoresceinated. Less than 5% of 
sperm bound lactosamine and the fluorescence intensity was very low (Figure 5G-I, J). Thus, the 
receptors for 6-sialylated biantennary glycan were found on the sperm head. 
Release of sperm from the oviduct has been proposed to occur after sperm are capacitated 
(Suarez, 2008, Rodriguez-Martinez, 2007). To investigate this model, we tested whether 
capacitated sperm retained affinity for glycans. We incubated capacitated sperm with 
fluorescein-labeled 6-sialylated lactosamine biantennary glycan. About 40% of sperm in these 
preparations bound branched sialylated lactosamine, many less than the number of uncapacitated 
sperm that bound branched sialylated lactosamine (Figure 5D-F, J). Because capacitation does 
not occur synchronously, it is likely that not all sperm in the sample that was prepared under 
conditions that promote capacitation were actually capacitated. Controls using fluoresceinated 
lactosamine bound to less than 5% of sperm (Figure 5J). Therefore, during capacitation, most 
sperm lost their ability to initiate binding to branched glycans containing sialylated lactosamine. 
 
Normal Sperm Binding to Oviduct Cells Requires Glycans with 6-Sialylated Lactosamine 
Results in Figs 1-2 demonstrated that branched sialylated lactosamine from oviduct cells was 
sufficient to bind sperm. In the following experiments, we examined whether branched sialylated 
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lactosamine was necessary for oviduct cells to bind sperm. Epithelial sheets were stripped from 
the isthmus, the cells dissociated and then allowed to re-aggregate to form roughly spherical 
aggregates with diameters from 75-150 m. First, isthmic epithelial cell aggregates were 
incubated with SNA, to block sialylated lactosamine, and then challenged with sperm. SNA 
reduced sperm binding in a dose-dependent fashion up to 62% at a concentration of 250 g/ml 
(Figure 6A). This inhibition was specific to SNA because a control using the Maackia amurensis 
lectin II (MAL II), a monovalent lectin that binds structures containing sialic acid in an 2,3 
linkage (Song et al., 2011), did not inhibit binding (Figure 6A). To confirm that sialylated 
lactosamine was required for binding, we used GL7, a monoclonal antibody that recognizes 
sialylated lactosamine, the 2,6-linked sialic acid on a lactosamine glycan chain (Naito et al., 
2007). GL7 was incubated with isthmic epithelial cell aggregates prior to incubation with sperm. 
GL7 reduced sperm binding to aggregates by up to 63% at a concentration of 100 g/ml (Figure 
6B). The conclusion from both experiments is that sialylated lactosamine is required for normal 
sperm binding to isthmic epithelial cells. In sum, these results indicate that normal binding of 
sperm to isthmic epithelial cells requires branched sialylated lactosamine with termini presented 
as Neu5Ac2-6Gal1-4GlcNAc. 
To determine if the putative sialyl lactosamine receptor/s on sperm are required for sperm to 
bind isthmic epithelial cells, these receptors were occupied with branched sialylated lactosamine 
on an acrylamide core (Galanina et al., 1998, Galanina et al., 2001). Either 40 or 200 g/ml of 6-
sialylated lactosamine on a biantennary mannose core inhibited sperm-isthmic cell binding by up 
to 60% (Figure 6C). Branched lactosamine without any sialyl residues reduced sperm binding to 
oviduct cells but required a higher concentration; a concentration of 200 g/ml reduced sperm-
isthmic cell binding by 43%. A control using simply the lactosamine disaccharide did not affect 
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sperm-isthmic cell binding. Therefore, blocking either the oviduct glycan or its putative 
receptor/s on sperm reduced sperm binding to isthmic epithelial cells by about 60%.  
 
Discussion 
This study reports the first large-scale screen of the ability of glycans to bind mammalian 
cells. Using an array of 377 glycans, we found that all glycans that bound porcine sperm 
contained either of two glycan motifs, Le
X
 structures or 6-sialylated lactosamine on one or more 
termini of a biantennary mannose core. Binding to either motif on a microarray slide was 
sufficient to tether a motile sperm against the force of gravity and washing, suggesting the 
affinity of this interaction was relatively high. Either glycan could bind sperm independently of 
any other structures. The ability of fluoresceinated 6-sialylated biantennary glycans to bind the 
sperm head corroborated the results with the glycan array. In addition to these sufficiency 
experiments, 6-sialylated lactosamine on oviduct cells was also necessary for normal sperm 
binding. Blocking this glycan reduced sperm binding to oviduct cells by up to 60%. It is not clear 
if this maximum binding inhibition was because the remaining adhesion was accounted for by 
sperm binding to non-sialylated biantennary lactosamine structures, Le
X
 or other adhesive 
molecules or simply reflected a technical inability to block sialylated lactosamine completely. 
Sperm binding to glycans was highly specific. Sperm bound abundantly to sialylated 
lactosamine termini in which sialic acid was linked to the 6 position of galactose but no 
detectable binding was observed to sialic acid linked to the 3 position of galactose. Furthermore, 
although sperm bound to oligosaccharides with a Le
X
 motif, no binding was observed to Lewis 
A-derived structures, a trisaccharide that is a positional isomer of Le
X
.  
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Glycan multivalency was important to bind sperm. Sialylated lactosamine was present on 
two antennae of a biantennary glycan for maximum sperm binding; the sialylated lactosamine 
trisaccharide, by itself, did not bind sperm (Figs 1 and 2). We tested neoglycoconjugates that had 
multiple copies of the glycans presented on the same molecule by linking them to a 
polyacrylamide core. The glycan inhibition experiments demonstrated that these multivalent 
glycans bound to sperm and inhibited sperm from binding to oviduct epithelial cells.  
Previous reports have concluded that porcine sperm bind to oligomannose structures and 
oligosaccharides with non-reducing galactose (Topfer-Petersen et al., 2008). Neither of these 
structures on the glycan array bound sperm. It may be that the affinity of these glycans for sperm 
is lower and inadequate to tether a motile sperm against gravity and the washing conditions.  
The glycan profile of oviduct cells revealed that sialylated lactosamine was abundant in the 
N-linked and O-linked glycan fractions. Among the N-glycans, some had two termini with sialyl 
residues and some had one sialyl residue while the second terminus contained galactose. 
Interestingly, two “hybrid” glycans were detected; one terminus had sialylated lactosamine and 
the second had a Lewis structure, with and without core fucosylation. Whether these hybrid 
glycans have greater affinity for sperm that either biantennary sialylated lactosamine or Le
X
 
glycans is an interesting question.  
Sialylated lactosamine was detected throughout the ampulla and isthmus. This suggests that 
the reason that more sperm bind to the isthmus than ampulla is that sperm, in their movement 
through the genital tract, encounter 6-sialylated biantennary glycans in the isthmus first and are 
retained in this region of the oviduct. In swine, prior to reaching the isthmus, sperm also bind in 
large numbers to the utero-tubal junction (Mburu et al., 1996, Mburu et al., 1997, Tienthai et al., 
2000).  It is unclear if 6-sialylated glycans are also present in this region although other glycans 
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like hyaluronan and sulfated glycosaminoglycans are present in both the isthmus and utero-tubal 
junction (Tienthai et al., 2000). We did not observe differences in the abundance of 6-sialylated 
lactosamine in oviducts collected from sows at different stages of the estrus cycle. Even though 
oviduct fluid constituents change during the estrous cycle (Killian et al., 1989), previous studies 
have shown that the density of sperm binding sites does not change during the cycle in cattle 
(Pollard et al., 1991, Lefebvre et al., 1997) or in mares if the oviduct explants were tested within 
30 min of isolation (Thomas et al., 1994). 
The fertilizing sperm must be released from the storage site to move into the ampulla and 
fertilize the eggs. Recent evidence suggests that the development of hyperactivated motility may 
be sufficient to detach a sperm from the oviduct epithelium (Curtis et al., 2012). Furthermore, 
mouse sperm deficient in CatSper that cannot hyperactivate do not detach from the oviduct (Ho 
et al., 2009). In addition to hyperactivation, a loss or modification in putative oviduct receptors 
on sperm during capacitation may also contribute to sperm release. Consistent with this 
hypothesis, our results indicated that a population of sperm incubated under capacitating 
conditions had reduced binding to 6-sialylated lactosamine. This suggests that, as sperm are 
capacitated, detachment may be partially mediated by a loss or modification of putative receptors 
for oviduct glycans. But release may also be controlled by components from the oviduct, 
including the cumulus-oocyte complex, progesterone or disulfide reducants (Talevi et al., 2007, 
Brussow et al., 2008), altered behavior of sperm-bound oviduct cells (Fazeli et al., 2004), oviduct 
smooth muscle contractions (Chang and Suarez, 2012), or the effects of locally produced 
anandamide and nitric oxide on sperm (Gervasi et al., 2011, Osycka-Salut et al., 2012). The 
dynamic nature of sperm interaction with the oviduct epithelium suggests that a variety of factors 
may regulate sperm release. 
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The effect of binding to specific oviduct glycans on sperm function is not clear. There is 
evidence that binding to oviduct cells affects sperm intracellular calcium, capacitation, and 
lifespan (Dobrinski et al., 1996, Dobrinski et al., 1997, Petrunkina et al., 2001, Boilard et al., 
2002). Learning how binding to the oviduct epithelium affects sperm behavior may lead to 
methods to lengthen sperm lifespan in the oviduct or improve sperm storage outside the oviduct. 
A recent report concluded that an oviduct heat shock protein, when added to semen extender, 
improved the survival of ram sperm (Lloyd et al., 2009, Lloyd et al., 2012). But how any 
putative ligand-receptor pair influences sperm behavior is not established. 
These results are the first report of mammalian cells binding to a glycan array. Sperm were 
useful test cells because they survive well in suspension and their motility provides greater 
probability of colliding with glycans on the array. However, it is possible that the ability of other 
cells to bind many glycans could also be interrogated by use of a glycan array. This approach 
may provide insight about how a variety of cells can interact with glycans in a dynamic 
extracellular matrix. 
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Figure 1. Sperm bound to specific glycans covalently arrayed on a microscope slide. Porcine 
sperm were labeled and incubated with a slide containing 377 glycans. Fluorescence  
corresponding to bound sperm was detected for each glycan spot. A small number of glycans 
bound sperm (A). The glycan number and identification are given in Figure 2.  Results are an 
average of four independent experiments. Sperm bound to a single glycan spot are shown in (B). 
Sperm bound to specific spots of glycans and not to areas outside of the spot. 
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Figure 2. Glycans that bound porcine uncapacitated sperm. Glycans containing either 
biantennary sialylated lactosamine (unshaded) or Le
X
 structures (shaded) bound sperm. Within 
each group, glycans are grouped by structure and ranked by the number of sperm bound, as 
indicated by Relative Fluorescence Units (RFU). A description of the glycan and the glycan ID 
number used in Figure 1 are in bold. RFU is the average of 4 independent replicates. In several 
cases, the glycans were the same but the spacer arm (Sp) used to link the glycan to the array was 
different. Sp13=Gly, Sp8= -CH2CH2CH2NH2, Sp12= asparagine, Sp22= Asp-Ser-Thr, Sp0= -
CH2CH2NH2, (3OSO3)=sulfate group added at the 3 carbon of galactose. 
6-Sialylated biantennary lactosamine, Glycan #55
Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3
Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-6
Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp13
Glycans that Bound Sperm RFU
11,750
Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3
Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-6
Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp8
6-Sialylated biantennary lactosamine, Glycan #56
4,322
Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3
Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-6
Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 2,689
6-Sialylated biantennary lactosamine, Glycan #200
Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3
Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-6
Manβ1-4GlcNAcβ1-4GlcNAcβ-N(LT)AVL
6-Sialylated biantennary lactosamine, Glycan #322
2,068
Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3
         GlcNAcβ1-2Manα1-6
Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12
Monosialylated branched glycan, Glycan #321
656
        Galβ1-4GlcNAcβ1-2Manα1-3
Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-6
Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 408
Monosialylated biantennary lactosamine, Glycan #296
        Galβ1-4GlcNAcβ1-2Manα1-3
        Galβ1-4GlcNAcβ1-2Manα1-6
Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp22 1601
Non-sialylated biantennary lactosamine, Glycan #350
Galβ1-4GlcNAcβ1-4Galβ1-4GlcNAcβ-Sp0
Fucα1-3 Fucα1-3
Lewis X dimer, Glycan #138
2,741
GlcNAcα1-4Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ1-4Galβ1-4GlcNAcβ-Sp0
Fucα1-3Fucα1-3
2,381
Incompletely fucosylated Lewis X-containg structure, Glycan #340
Galβ1-4GlcNAcβ1-4Galβ1-4GlcNAcβ1-4Galβ1-4GlcNAcβ-Sp0
Fucα1-3 Fucα1-3 Fucα1-3
Lewis X trimer, Glycan #139
Neu5Acα2-3GalGlcNAcα1-4Galβ1-4GlcNAcβ1-3 Galβ1-4GlcNAcβ1-4Galβ1-4GlcNAcβ-Sp0
Fucα1-3 Fucα1-3 Fucα1-3
498
2,260
Sialylated Lewis X trimer, Glycan #230
(3OSO3)Galβ1-4GlcNAcβ-Sp0
Fucα1-3
Sulfated Lewis X, Glycan #269
850
Galβ1-4GlcNAcβ1-4Galβ1-3GlcNAcβ-Sp0
Fucα1-3 Fucα1-4
Lewis X-Lewis A dimer, Glycan #283
All Remaining Glycans <300
463
Figure 2
 41 
 
 
Figure 3 
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Figure 3. (cont.) Oviduct epithelial cells contain glycans with sialylated lactosamine 
structures and/or Lewis structures at the non-reducing termini. Oviduct epithelial cell sheets 
were lysed and glycans analyzed by nanospray MS/MS. N-glycan structures are shown in the 
upper panel. Those structures that contained sperm binding motifs are identified with a red line 
linking the peak to the structure. Structures of the most abundant glycans are displayed. As 
expected of cell lysates, there were many unprocessed high mannose oligosaccharides. Most of 
the complex-type oligosaccharides were biantennary and had at least one terminus with a sialyl 
residue (N-acetylneuraminic acid). Some glycans had two sialic acid-containing termini. And 
some glycans contained a sialyl residue on one terminus and a Lewis structure on the second 
terminus. O-glycan structures are shown in the middle panel. Oviduct epithelial cells had 
numerous O-linked glycans, most of which were Core 2-derived oligosaccharides. Several 
structures (labeled by red lines) had sialyl residues attached to galactosyl residues on at one 
nonreducing terminus and were branched. Tandem MS analysis determined the majority of the 
structure at 895 m/z was the linear glycan. Glycosphingolipid structures are shown in the lower 
panel. The blue lines indicate gangliosides, red lines indicate glycans with a sulfate group or 
Lewis structure and the green lines indicate neutral glycosphingolipids. A Lewis structure was 
detected on one glycosphingolipid. 
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Figure 4. Localization of 6-sialylated lactosamine structures to the luminal epithelium of 
regions of the oviduct. Oviduct tissue from the upper, middle, and lower portion of the ampulla 
and isthmus was stained with fluoresceinated Simbucus nigra agglutinin lectin (SNA). Sialylated 
lactosamine was detected on the epithelium of each portion of the oviduct examined. Scale bars 
are 20 m.  
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Figure 5. 6-Sialylated biantennary glycans bound to the sperm head but binding was 
reduced after capacitation. Sperm were either capacitated or not and incubated with 
fluorescein-labeled branched 6-sialylated lactosamine on a mannose core or simply fluorescein-
labeled lactosamine. The photomicrographs show representative fields of differential interference 
contrast (DIC), fluorescence and merged images. DIC, fluorescence and merged images of 
uncapacitated sperm incubated with fluoresceinated branched sialylated lactosamine are in A-C, 
respectively. DIC, fluorescence and merged images of capacitated sperm incubated with 
fluoresceinated branched sialylated lactosamine are in D-F, respectively. DIC, fluorescence and 
merged images of uncapacitated sperm incubated with the fluoresceinated lactosamine 
disaccharide are in G-I, respectively. Scale bars are 50 m. The percentage of either 
uncapacitated sperm or sperm incubated under capacitating conditions that bound branched 6-
sialylated lactosamine or the disaccharide lactosamine is shown in J. This is the average of 3 
replicates.  
 45 
 
 
Figure 6 
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Figure 6. (Cont.) Blocking oviduct sialylated lactosamine or its putative receptor on sperm 
reduces sperm binding to oviduct cells. Oviduct cells were collected from the isthmus and 
allowed to form spherical aggregates. The aggregates were incubated with varying 
concentrations of either medium (A, showing sperm bound to an oviduct aggregate), (B), 
Simbucus nigra agglutinin lectin (SNA), a lectin that binds structures containing sialic acid in an 
2,6 linkage or Maackia amurensis lectin II (MAL II), a lectin that binds structures containing 
sialic acid in an 2,3 linkage, or (C) a monoclonal antibody (GL7 mAb) to sialylated 
lactosamine or IgM and allowed to bind sperm. In D, sperm were pre-incubated with varying 
concentrations of either branched 6-sialylated lactosamine glycans (Br SiLN), branched 
lactosamine glycans (Br LN), or simply the disaccharide lactosamine (LN) and then challenged 
with oviduct cell aggregates. Binding was expressed as the number of sperm bound per mm of 
aggregate circumference. Data are the least square means of at least 3 experiments. Asterisks 
indicate concentrations at which SNA, GL7, or glycans were different from controls. 
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Supplemental Figure Legend 
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Predicted and observed m/z ratios for glycans related to Lewis structures and sialylated 
lactosamine oligosaccharides. Data are presented for O-glycans (Suppl Figure 1) and 
glycosphingolipids (Suppl Figure 2). 
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CHAPTER 3: LEWIS
X–CONTAINING GLYCANS ON THE PORCINE OVIDUCTAL 
EPITHELIUM CONTRIBUTE TO THE FORMATION OF SPERM RESERVOIR
3
 
 
Abstract 
Internal fertilization poses physiological challenges associated with synchronization of 
sperm deposition and capacitation with ovulation. After semen deposition, a subpopulation of the 
sperm is transported to the lower oviduct, or isthmus, to form a functional sperm reservoir. The 
sperm reservoir may be particularly important for swine fertility because semen deposition is not 
always tightly synchronized with ovulation.  The molecular interactions that allow formation of 
this reservoir are unclear.  It is proposed that binding of sperm receptors (lectins) to their 
oviductal cell ligands is accomplished by glycans. Previous results indicated that Lewis 
trisaccharides that are present in glycosphingolipids, O-, and N-linked glycans present in the 
isthmus and Lewis X trisaccharide (Le
X
) bind uncapacitated boar sperm. Analysis of isthmic cell 
lysates by western blotting with a monoclonal antibody (P12) identified the oviduct Lewis 
structures as Le
X
 and revealed a complex profile of glycoproteins decorated with Le
X
. In 
addition, immunohistochemistry indicated that Le
X
 residues localized to the luminal border of 
the isthmus. Fluoresceinated glycan labeling showed that sulfated Le
X 
(3-O-sulfo-Le
X
) binds to 
receptors localized to the head of nearly 60% of uncapacitated boar sperm but the positional 
isomer 3-O-sulfo-Le
A
 bound to <5% of sperm. Also, capacitation reduced the ability of 3-O-
sulfo-Le
X
 to bind sperm. Binding preferences of sperm for glycans on beads were similar to 
fluoresceinated glycans. Pre-treatment of oviduct cell aggregates with 4, 20, and 100 µg/mL of 
P12 antibody prevented 43% of sperm binding to isthmic aggregates. A complementary 
                                                          
3
 Experiments represented by Figures 1, 2, and 3 were performed by others. 
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approach consisting of pre-incubation of boar sperm with 8, 40, and 200 µg/mL of soluble Le
X
 
and 3-O-sulfo-Le
X
 glycans specifically reduced sperm binding to oviduct cells up to 61%. These 
results demonstrated that the oviduct isthmus contains Le
X
 trisaccharides and that sperm binding 
to these oviduct glycans is necessary and sufficient for forming the sperm reservoir. 
 
Introduction 
 Internal fertilization is part of a reproductive strategy that requires mature mammalian 
male and female gametes to meet in the female reproductive tract. Upon semen deposition in the 
female reproductive tract, a fraction of the ejaculated spermatozoa is transported to the lower 
oviduct, also called isthmus, which retains sperm for variable periods (from hours to weeks), in 
what may be a species-specific fashion. Binding of sperm to the epithelial cells of the isthmus 
was recognized as an essential modulator of fertilization when Chang (1951) and Austin (1952) 
first demonstrated that sperm had to remain bound to the luminal isthmus for a period of time to 
achieve normal fertilization rates in vivo. The binding to oviductal cells of the isthmus results in 
functional changes in sperm that provides crucial synchronization to accommodate the temporal 
variability between semen deposition and ovulation (Suarez and Pacey, 2006, Waberski et al., 
2006). Collectively, these maturational changes accomplished in the oviduct are identified as 
capacitation (Fazeli et al., 1999, Topfer-Petersen et al., 2002, Tienthai et al., 2004, Holt and 
Fazeli, 2010). Sperm-isthmic cell interaction induces a quiescent state in sperm that is associated 
with delayed capacitation changes in ionic transport, especially delayed calcium uptake (Garbers 
et al., 1982, Demarco et al., 2003, Kirichok et al., 2006a, Ho et al., 2009a, Fraser, 1995), protein 
phosphorylation (Visconti et al., 1995a, Visconti et al., 1995b, Morgan et al., 2008, Mitchell et 
al., 2008, Visconti et al., 2011), modifications of sperm membrane components, such as 
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cholesterol efflux (Demarco et al., 2003, Rodriguez-Martinez, 2007, Signorelli et al., 2012), and 
development of hypermotility (DeMott et al., 1995a). The formation of a “functional sperm 
reservoir” (Hunter et al., 1980) in the mammalian oviductal isthmus is most likely to be a 
physiological requirement to allow gradual release of a finite number of competent sperm to 
move toward the fertilization site, therefore reducing the chances of polyspermy (Hunter and 
Leglise, 1971).  
 The formation of the sperm reservoir and subsequent regulation of sperm function are 
driven by the direct interaction between the spermatozoa and the apical region of the epithelial 
cell lining of the isthmus (Rodriguez-Martinez, 2007). Sperm binding to the isthmic cells delays 
capacitation, lengthens sperm lifespan and fertilizing ability (Murray and Smith, 1997), and 
select morphologically viable spermatozoa (Petrunkina et al., 2001) that are gradually released 
from the reservoir toward the site of fertilization in response to appropriate signals. The precise 
identity of the molecular interactions that allow the establishment of the sperm reservoir is not 
clear; however, the involvement of glycans in this process has been documented in several 
species (DeMott et al., 1995b, Topfer-Petersen, 1999, Green et al., 2001, Cortes et al., 2004, 
Sostaric et al., 2005). Earlier experiments utilizing epididymal hamster sperm indicated that N-
acetylneuraminic acid moieties of fetuin had the ability to inhibit competitively spermatozoa 
binding to excised oviducts (DeMott et al., 1995b). Binding of boar sperm to oviductal epithelial 
cells, like in other species, involves carbohydrate recognition (Green et al., 2001, Wagner et al., 
2002, Topfer-Petersen et al., 2008). Enzymatic removal of N-linked oligosaccharides from 
glycoproteins containing at least (Man)5(GlcNAc)2 results in the reduction of the competitive 
inhibition ability of boar sperm to bind oviductal explants in vitro (Wagner et al., 2002). 
Recently, Kadirvel et al. (2012) employed a novel glycomic approach to identify glycans that 
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bind boar sperm. A glycan array containing 377 simple and complex oligosaccharides was 
incubated with uncapacitated sperm in suspension to test their ability to recognize specific 
glycan residues. They found that branched α2,6-sialylated N-acetyllactosamine (SiLN) was 
sufficient to tether porcine sperm in vitro. Additionally, mass spectrometry analysis of isthmic 
epithelial cells collected from post-pubertal sows indicated that biantennary lactosamine with a 
sialylated terminus and Lewis structures were abundant in N- and O-linked glycans. 
Nevertheless, the precise Lewis isomer was not identified. Although not abundant, Lewis 
structure termini were also found in glycans of isthmic cell glycosphingolipids. Besides the 
sufficiency experiments, blocking either the putative receptor for 6-sialylated lactosamine on 
sperm or its epithelial glycan ligand reduced uncapacitated sperm binding to isthmic cell 
aggregates (Kadirvel et al., 2012). Besides SiLN, their glycan array results indicated that the 
Lewis X (Le
X
) glycan moiety is also sufficient to bind uncapacitated boar sperm. Mori et al. 
(2000) support the notion that boar sperm recognize specifically sialylated N-acetyllactosamine 
and Le
X
 structures coupled to Sepharose beads. In fact, Le
X
 trisaccharides appear to participate 
in significant reproductive events in a number of species. In mice, Lewis structures, representing 
X and Y variations on 24p3, a glycoprotein abundantly secreted in uterine luminal fluid, may 
have a role in sperm motility enhancement (Kuo et al., 2009). Additionally, Le
X
 structures on the 
zona pellucida were reported as necessary to bind human sperm (Pang et al., 2011), providing 
evidence for a conserved lectin-like receptor for this glycan on the sperm plasma membrane.  
 Considering that dimers and trimers of Le
X
 trisaccharides bound porcine sperm 
abundantly, our goal was to test whether Le
X
 glycan residues are necessary for the establishment 
of an in vitro sperm reservoir. We localized Le
X
 residues in the isthmic epithelium and Le
X
 
binding sites uncapacitated sperm. In addition, we blocked the receptors for Le
X
 on sperm and 
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the sugar ligands on the isthmic epithelium to determine the functional importance of this glycan 
moiety in the binding of uncapacitated boar sperm to isthmic cells. Our findings indicate that Le
X
 
moieties are involved in the carbohydrate-mediated adhesion between sperm and oviduct cells 
that leads to the formation of the porcine sperm reservoir. 
 
Materials and Methods 
Collection and Processing of Sperm 
For each replicate, semen was collected (Prairie State Semen, Inc., Champaign, IL) from 
3 to 5 mature boars, extended, cooled to 17ºC, transported to the laboratory, and processed 
within 24 h after collection. The extended semen was pooled and 3 mL were washed through a 
Percoll cushion containing 4 mL of non-capacitating dmTALP (NC-TALP; 2.1 mM CaCl2, 3.1 
mM KCl, 1.5 mM MgCl2, 100 mM NaCl, 0.29 mM KH2PO4, 0.36% lactic acid, 0.6% polyvinyl 
alcohol, 1 mM pyruvic acid, 35 mM HEPES, [pH 7.3], sterile filtered), 0.6 mL of 10X HBS (1.3 
M NaCl, 40 mM KCL, 10 mM CaCl2, 5mM MgCl2, 140 mM fructose, 5% BSA, sterile filtered), 
and 5.4 mL of Percoll for 10 min at 800 x g. The resulting pellet was re-suspended in 5 mL of 
NC-TALP and centrifuged for 3 min at 600 x g. The final sperm concentration was estimated by 
hemocytometer and only sperm samples with motility greater than 80% were used for the 
experiments. 
 
Sperm Binding Assay  
For each experiment, isthmic epithelial cells collected from 15-20 oviducts were obtained 
from gilts and sows slaughtered at Momence Packing Company (Momence, IL), Calihan Pork 
Processors (Peoria, IL), or Rantoul Foods (Rantoul, IL).  The oviducts were transported to the 
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laboratory in PBS on ice. Upon arrival, the oviducts were washed once in PBS and the remaining 
mesosalpinx was removed. The isthmus samples were individually transferred to a 100 mm Petri 
dish containing PBS, and a glass slide angled at a 45° was used to squeeze the oviduct and force 
sheets of epithelial cells out of the isthmus. The epithelial cell sheets were transferred to a 15 mL 
conical tube and centrifuged at 100 x g for 1 min. The supernatant was removed and the cells 
were disaggregated by passage through a 1-mL pipette tip 10 times. Partially disaggregated cells 
were washed in five mL of capacitating dmTALP (Cap-TALP; 2.1 mM CaCl2, 3.1 mM KCl, 1.5 
mM MgCl2, 100 mM NaCl, 0.29 mM KH2PO4, 0.36% lactic acid, 0.6% BSA, 1 mM pyruvic 
acid, 25 mM HEPES, [pH 7.3], sterile filtered) and centrifuged at 100 x g for 1 min. The 
supernatant was removed and passed through a 22-gauge needle 10 times for further 
disaggregation. The volume of the cell suspension was adjusted to 12 mL and divided uniformly 
into three 100-mm culture dishes. The cells were allowed to re-aggregate for 90 min at 39 °C. 
Spherical aggregates were selected for the experiments.  
About 30 spherical oviduct cell aggregates were selected and washed twice in 100 µL-
drops containing fresh Cap-TALP. A Stripper Pipette (MidAtlantic Diagnostics, Inc., Mount 
Laurel, NJ) with a 250 µm internal diameter tip was used to collect oviduct epithelial cell 
aggregates and wash them. Depending upon the experiment, either the cell aggregates were 
treated with antibodies that bind Le
X
, or the sperm were treated with glycans to block sperm 
lectins for 30 min. Sperm and oviduct cell aggregates were transferred together to a drop 
containing a final volume of 50 µL for co-incubation at 39 °C for 15 min to allow sperm binding 
to aggregates. Each group contained three 50 µL-drops with 10 oviduct cell aggregates each. 
Following incubation, the aggregate-sperm complexes were washed once with 30µL of fresh 
Cap-TALP to remove unbound and loosely attached sperm, and transferred onto a microscope 
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slide with a volume of 3µL, so that each slide corresponded to one treatment and contained three 
3µL-droplets (experimental units) with 10 aggregate-sperm complexes. The aggregate-sperm 
complexes were analyzed with an Axioskop microscope (Carl Zeiss, Inc, Germany) and 
documented using an AxioCam HRc digital camera (Carl Zeiss, Inc, Germany). The total 
number of sperm bound to the periphery of the oviduct cell aggregates was counted using 
AxioVision software V 4.5 (Carl Zeiss, Inc, Germany). Linear values were adjusted to mm, thus 
the final measurement obtained was represented as sperm bound per mm of aggregate periphery. 
The differences in sperm binding corresponded to the differences among treatments.  
 
Immunohistochemical Localization of Lewis
X
 Moieties 
Immunohistochemical procedures were carried out on oviductal tissues fixed in neutral-
buffered formalin. Each isthmus was equally divided in three regions. The lower region was 
situated 10 mm from the uterine-isthmic junction; the upper region was at the ampullary-isthmic 
junction; and the medial region was in between the lower and upper regions. Each isthmic region 
was approximately 20 mm long. The samples were embedded in paraffin in an automated Sakura 
Tissue Tek VIPE150 tissue processor (Sakura Finetek USA, Inc., Torrence, CA). The paraffin 
blocks were sectioned as four-µm specimens and placed onto microscope slides for further 
assessment of Le
X
 structures. To control for non-specific binding, two adjacent cross-sections 
provided a positive- and a negative-primary antibody control. We used oviducts from a minimum 
of seven different animals. The samples were deparaffinized and rehydrated according to 
standard hematoxylin and eosin (H&E) procedures. To unmask target structures, the sections 
were boiled (around 100 ºC) in 0.01M citrate buffer (pH 6.0) for 10 min. The samples were 
placed at room temperature to cool down for approximately 30 min. Endogenous peroxidases 
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were inactivated for 15 min in a solution containing 0.3% hydrogen peroxide in methanol. 
Incubation of the samples with an anti-Le
X
 mouse monoclonal (P12) antibody (EMD Chemicals, 
Inc., Gibbstown, NJ) at 1:50 dilution was carried out for 12 h at 4 ºC. All immunoreactions were 
performed using a Vectastain Elite ABC kit (Vector Laboratories, Inc.). The sections were 
incubated with a biotinylated secondary and avidin-peroxidase. The counterstaining was 
produced by hematoxylin. Detection of peroxidase was based on oxidation of 
3,3’diaminobenzidine tetrahydrochloride. Dehydration, clearing, and mounting of slides 
followed standard H&E protocols. Unless stated otherwise, all images in this work were 
documented using an Axioskop microscope (Carl Zeiss, Inc., Germany) coupled to an AxioCam 
HRc digital camera (Carl Zeiss, Inc., Germany).  
 
Isolation of Oviductal Glycoproteins, SDS-PAGE, and Western Blotting 
 Freshly collected oviduct epithelial cells pooled from at least five isthmuses were 
centrifuged at 10,000 rpm for 10 min at 4 ºC. The supernatant was discarded and the resulting 
pellet was re-suspended in ice-cold Nonidet-P40 Lysis Buffer (150 mM NaCl, 50 mM Tris, pH 
8.0, and 1 % NP-40) at a concentration of 1 mL/10
7
 cells. The lysis buffer contained freshly 
added 10 µg/mL leupeptin, 1 µg/mL pepstatin A, and 1mM PMSF. After homogenization, the 
cells were incubated on ice for 10 min, frozen and thawed three times, and sonicated three times 
for 10 seconds. To clear the lysate the cell suspension was centrifuged at 10,000 rpm for 10 min 
at 4º C, and the resulting supernatant was transferred to a fresh micro-centrifuge tube. To analyze 
soluble constituents, oviductal fluid was collected. The oviducts were washed with 1 mL of PBS 
and transported on ice to the laboratory. The samples were centrifuged at 10,000 rpm for 10 min 
at 4ºC. The supernatant was transferred to a fresh microcentrifuge tube and treated with protease 
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inhibitor cocktail described earlier. Protein concentration was determined by bicinchoninic acid 
(BCA) assay. Aliquots containing 20 µg of protein were diluted in 5X loading buffer (4% SDS, 
20% glycerol, 0.1% bromophenol blue, 0.125 mM Tris HCl, pH 6.8), boiled for 10 min in 
presence of 5% β-mercaptoethanol, and loaded into a 4-20% gradient gel (BioRad, CA). The gel 
was immersed in resolving buffer (25 mM Tris base, 190 mM glycine, 0.1% SDS, pH 8.3) to 
separate the proteins by electrophoresis at two V/cm
2
 for approximately 90 min. The resolved 
proteins were transferred to a nitrocellulose membrane immersed in a transfer buffer (25 mM 
Tris base, 192 mM glycine, 20% methanol, and 0.025% SDS) at 100 V for 60 min.  
 The membranes were blocked overnight at 4 ºC in TBST (137 mM NaCl, 20 mM Tris-
HCl, and 0.1% Tween 20) containing 5% BSA. A P12 mouse monoclonal antibody (EMD 
Millipore, MA) that recognizes specifically Le
X
 glycan residues was used at a 1:50 dilution in 
TBST 5% BSA solution at room temperature for 60 min. The membranes were washed in TBST 
and then incubated with a goat F(ab’) anti-mouse IgM mu chain conjugated to HRP (Abcam Inc., 
MA) at 1:2000 for 60 min at room temperature. After washing, the membranes were incubated 
with a peroxidase substrate (Thermo Fisher Scientific Inc., IL). Chemiluminescent signals were 
detected and documented by an ImageQuant LAS 4000 (GE Healthcare Bio-Sciences AB, 
Sweden). An IgG isotype control (Jackson ImmunoResearch Laboratories, Inc.) was used to 
control for non-specific binding in addition to a minus-primary antibody control. To ensure 
protocol efficiency, a mouse kidney lysate was used as a positive control. 
 
Sperm Labeling with Fluoresceinated Glycans 
Labeling of capacitated and uncapacitated sperm with fluoresceinated Lewis moieties 
was performed to identify the sites of glycan binding. Capacitation was induced by incubating 
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sperm with Cap-TALP for 4 h at 39ºC. The uncapacitated sperm group was incubated in NC-
TALP for 4h at 39 ºC, medium in which sodium bicarbonate was replaced by an equimolar 
quantity of HEPES and BSA was replaced by an equal mass concentration of PVP. Sperm 
concentration was adjusted to 1.5 x 10
7
 cells/mL and immobilized with 0.01% formaldehyde. A 
fluorescein-conjugated glycan at 50 µg/mL (Shemiakin Institute of Bioorganic Chemistry, 
Russia) was added to the sperm suspension and incubated for 30 min at 39 ºC. Following 
incubation, 10 µL of the sperm were transferred onto a microscope slide and under a coverslip. 
The samples were visualized under fluorescence microscopy and Nomarski optics. A minimum 
of 100 sperm was observed for each group. 
 
Sperm Recognition of Glycan Coupled to Beads 
 Streptavidin-Sepharose High Performance beads (GE Healthcare, Sweden) were used to 
test the ability of uncapacitated boar sperm to bind to immobilized glycans on a cross-linked 
agarose matrix. The average particle size of the agarose beads was 34 µm. Approximately 60 µg 
of biotinylated glycans covalently attached to a polyacrylamide core were incubated with 20 µL 
of streptavidin-Sepharose beads for 90 min at room temperature. Each 30 kDa molecule of 
polyacrylamide had 20% glycan and 5% biotin, by molarity. Once the glycan-coupled beads 
were ready for use, a 100 µL-droplet containing 2 x 10
5
 sperm/mL was prepared to receive 2 µL 
of glycan coated beads. Sperm and beads were incubated for 30 min at 39 ºC. 
 
Statistical Analysis 
To analyze the sperm-oviduct cell binding data and the fluoresceinated glycans binding to 
sperm, we used SAS software (v. 9.1 SAS Institute, Inc, Cary, NC) to run a one-way analysis of 
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variance using GLM (General Linear Models) procedure and Tukey’s test for multiple 
comparisons. Results are presented as means ± SEM and differences were considered to be 
significant if p < 0.05. 
 
Results 
Le
X
 Trisaccharide Binds to Uncapacitated Sperm Head 
 Sperm capacitation in vivo results from the direct interaction between the apical edge of 
the sperm head and the luminal isthmic epithelium (Suarez et al., 1991, Rodriguez-Martinez, 
2007). Therefore, oviduct glycans involved in sperm adhesion would be expected to be located 
on the apical edge of the sperm head. Therefore, we assessed the ability of Le
X
 residues to bind 
uncapacitated porcine sperm. We incubated sperm with positional isomers 3-O-sulfo Le
X
 and 3-
O-sulfo Le
A
 linked to a polyacrylamide core labeled with fluorescein (Figure 7). Fluoresceinated 
3-O-sulfo Le
X
 bound to 59% of uncapacitated sperm while sperm capacitation reduced this 
binding to 8.6% (Figure 8, open bars). As anticipated, the labeled 3-O-sulfo Le
X
 glycan bound to 
the anterior region of the sperm head that covers the acrosome in a larger percentage of 
uncapacitated than capacitated sperm (Figure 7A-F). That the availability of receptors for Le
X
 is 
reduced after capacitation is consistent with the paradigm that sperm are released from the sperm 
reservoir once capacitation is completed.  Sperm binding to 3-O-sulfo Le
X
 was specific because 
the positional isomer, 3-O-sulfo Le
A
 (Le
X
 trisaccharide contains a Fucα (1-3) and Galβ (1-4) but 
Le
A
 bears a Fucα (1-4) and a Galβ (1-3)) bound to 4.8% of uncapacitated sperm. Interestingly, 
23% of capacitated sperm displayed fluorescence in the apical edge of the head due to binding of 
3-O-sulfo Le
A
 (Figure 8, shaded bars). Figure 7 (G-L) shows representative photomicrographs of 
uncapacitated and capacitated sperm stained for 3-O-sulfo Le
A
. Propidium iodide staining 
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confirmed that nearly of the cells that bound glycans were able to exclude the dye and assessed 
as viable (data not shown).  
 The previous experiment showed that sperm could bind Le
X
 structures in solution.  As a 
confirmation that sperm could bind Lewis structures when they were insoluble, which requires a 
higher affinity, we provided sperm with Sepharose beads to which specific glycan were attached. 
This experiment enabled us to measure binding of free-swimming uncapacitated sperm to this 
solid-phase binding matrix bearing either 3-O-sulfo Le
X
 or 3-O-sulfo Le
A
. When sperm (final 
concentration of 2 x 10
5
 cells/mL) were incubated for 30 min with 3-O-sulfo Le
X
-coated beads, 
an average of six attached cells were counted, whereas control 3-O-sulfo Le
A
-coated beads 
bound an average of 0.45 sperm per bead (Figure 9). The selectivity for the 3-O-sulfo Le
X
 
structure was consistent with the earlier glycoarray findings (Kadirvel et al., 2012) and with our 
current fluoresceinated sulfated Lewis structure results. Taken together, these data indicate that 
uncapacitated porcine sperm possess receptors that bind specifically to epithelial Le
X
 glycan 
moieties. 
 
Lewis
X
 Localizes to the Porcine Isthmic Luminal Epithelium  
 Although Le
X
 structures on an array, on beads and in solution bound sperm, it was 
important to confirm the Lewis structures identified by mass spectrometry were, in fact, Le
X
 
structures and that they were found on the apical region of oviduct epithelial cells. Oviducts and 
oviductal fluid were classified into follicular and luteal phase categories according to the ovarian 
structures (e.g., follicles and corpora lutea) present when the tissues were collected (Knox, 
2005). Oviduct fluid and cell lysates were collected for detection by immunoblot using an 
antibody that recognizes Le
X
 structures (Ree et al., 1991). Cellular lysate and fluid samples 
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presented a very complex protein profile and appeared to contain many bands of the same size 
(Figure 10). Also, specimens collected at distinct phases of the estrous cycle did not exhibit 
quantitative differences in Le
X
 binding protein abundance. Likewise, Le
X
 abundance in 
glycoconjugates from isthmic cells and oviduct fluid from pre- and post-pubertal animals were 
not different (data not shown).  
 Once the presence of ligand Le
X
 in the isthmic cell lysate was established, we performed 
an immunohistochemical localization of these glycan residues in upper, medial, and lower 
isthmic sections (Figure 11). Immunoreactive epitopes localized to the luminal surface of isthmic 
epithelial cells of all sections analyzed. Glycoproteins containing Le
X
 were present on the apical 
epithelial isthmus in a punctate pattern. Quantification of immunoreactive cells expressing Le
X
 
glycoconjugates revealed no differences (data not shown). Cells bearing Le
X
 residues appear to 
be present in all section of the isthmus during follicular and luteal phases.  
 
Lewis
X
 is Necessary for Binding of Uncapacitated Porcine Sperm to Oviduct Cell Aggregates In 
Vitro 
Earlier experiments demonstrated that Le
X
 moieties are sufficient to tether uncapacitated 
porcine sperm (Kadirvel et al., 2012). To determine the functional importance of Le
X
 motifs in 
porcine sperm binding to isthmic cell aggregates, we conducted a series of competitive binding 
assays in which either the receptors for Le
X
 on sperm or the epithelial glycan ligands were 
blocked using soluble sugars and antibodies, respectively. Treatment of oviduct cell aggregates 
with an anti-Le
X
 antibody (P12) decreased the numbers of sperm bound to aggregates by 43%, 
whereas treatment with an IgG isotype control did not significantly affect sperm binding (Figure 
12).  
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To test the importance of putative Le
X
 receptors, sperm were incubated with Lewis structures 
covalently bound to a polyacrylamide core. Indeed, when Le
X
 or 3-O-sulfo Le
X
 were used, there 
was a decrease of up to 61% in the number of sperm bound to isthmic aggregates (Figure 13). 
However, increasing concentrations of Le
A
 or 3-O-sulfo Le
A
 did not influence significantly 
sperm binding to oviduct cell aggregates. Thus, blocking putative receptors for Le
X
 on sperm 
reduced sperm binding to oviduct cells in a structurally-specific manner.  
 Previous work demonstrated that biantennary α2,6 sialylated N-acetyllactosamine (SiLN) 
is required for normal sperm binding to oviduct aggregate cells (Kadirvel et al., 2012). We tested 
whether the concomitant use of SiLN and Le
X
 glycans to block sperm receptors would result in 
additive or synergistic inhibition of binding. Figure 14 shows that pre-incubation of 
uncapacitated sperm with Le
X
 and SiLN individually reduced the number of sperm bound to 
oviduct cell aggregates by 29 and 32% respectively. When these glycans were combined in a 
single medium droplet, there was a significant net reduction in sperm binding to isthmic 
aggregates of 36%, which was not different from the reduction observed when the glycans were 
used independently. Moreover, at the concentrations used we were not able to observe any 
additive or synergistic effect on sperm binding to oviduct aggregates when SiLN and Le
X
.  
 
Discussion 
 This work investigated the role of Le
X
 as a putative oviduct molecule involved in the 
establishment of the sperm reservoir in swine. Our findings demonstrated that glycans with Le
X
 
motifs localize to the luminal epithelium of the oviduct isthmus and that this trisaccharide binds 
to the sperm head and is necessary for normal binding of uncapacitated boar sperm to isthmic 
epithelial cells in vitro.  
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 Sperm binding to epithelial cells of the isthmus influences sperm metabolism and 
prepares the spermatozoa to fertilize the egg (Rodriguez-Martinez, 2007). Sperm and epithelial 
cell membrane apposition is necessary for the development of capacitation, including extension 
of sperm lifespan (Dobrinski et al., 1997, Murray and Smith, 1997). Nevertheless, it is not clear 
how this membrane interaction is associated with the intracellular signaling and cell changes that 
accompany sperm maturation in the oviduct. Approximately 60% of uncapacitated sperm in this 
study were labeled with fluoresceinated Le
X
, which indicates the presence of a sperm lectin of 
interest. Le
X
-binding sites were localized almost entirely to the apical region of the sperm head. 
Other authors found that relevant carbohydrate binding sites were also localized to the same 
region in bull sperm (Sostaric et al., 2005). Le
X
 binding varied with maturation status. Nearly all 
sperm lost their ability to bind Le
X
 after capacitation (Figure 8). The few remaining sperm that 
bound Le
X
 may have been incompletely capacitated. These results are consistent with the loss in 
sperm binding to branched sialylated lactosamine (Kadirvel et al., 2012) and with studies in other 
species (Lefebvre and Suarez, 1996, Fazeli et al., 1999, Freeman and England, 2013). This 
decrease in glycan binding to sperm receptors suggest that the complex signaling cascade that 
regulates sperm changes that accompany capacitation might alter particular receptor-ligand 
association and dissociation rates (Becker et al., 2012).  
 The importance of carbohydrates in the formation of a sperm reservoir in several species 
has been demonstrated through competitive binding experiments (DeMott et al., 1995a, Suarez, 
2001, Wagner et al., 2002, Cortes et al., 2004). However, non-physiological and simple 
saccharides have been used in competition experiments at concentrations up to the mM range, 
which may not accurately determine the physiological importance of glycans in the formation of 
the sperm reservoir. Herein, we tested glycan concentrations at much lower concentrations that 
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are likely to reflect the actual concentration of the glycans when attached to a molecule such as a 
larger glycan and protein. 
In previous work, we analyzed glycan components of oviduct epithelial cells from the 
isthmus through nanospray MS/MS (Kadirvel et al., 2012). Lewis structures were identified in 
N- and O-linked glycans, and glycosphingolipids of membrane, although the association to the 
latter was much less abundant. Mass spectrometry data showed Lewis structures but which kind 
could not be identified. Nonetheless, the majority of glycan residues that bound most sperm in 
the glycan array were found to be part of glycoproteins. Using an antibody specific for Le
X
 
structures, we found that at least some of the Lewis structures in the oviduct were Le
X
 and that 
molecules containing Le
X
 were present in the oviduct as secreted and cell-associated 
glycoproteins. This antibody determined that the Lewis structures were Le
X
, corroborating the 
mass spectrometry analysis and glycan array data, implicating Le
X
 rather than other Lewis 
structures. The pattern of glycoprotein expression during follicular and luteal phases is nearly 
identical in fluid and cell lysate (Figure 10), suggesting that expression of these glycoconjugates 
is not regulated by the reproductive cycle. This finding is corroborated by the fact that Le
X
 
residues are also abundant in fluid and cell lysate collected from pre-pubertal females (data not 
shown). Studies in other species have also shown that the abundance of oviduct molecules 
implicated in sperm binding is not dependent upon cyclicity in the mare (Thomas et al., 1994), 
cow (Lefebvre et al., 1997) or rat (Cortes et al., 2004). Immunohistochemical analysis of 
oviductal tissue revealed that Le
X
 localizes to the luminal isthmus. Immunoreactive cells were 
equally distributed in a punctate pattern along the isthmus and, as in oviduct fluid, no 
quantitative differences were noted between luteal and follicular phases. The punctate staining 
patter is in contract to the location of SiLN in the oviduct, which is found on the apical edge of 
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the entire epithelium.  It would be interesting to devise an in vivo co-localization experiment to 
assess whether the uncapacitated sperm that bind to Le
X
-containing cells have better odds of 
fertilization than those that bind elsewhere (if binding occurs in cells lacking Le
X
).  
 Our findings revealed that binding to glycan-coated agarose beads and oviduct cell 
aggregates was very structurally specific. Positional isomerism had a strong effect on sperm 
binding (Figure 9). As a molecular mediator of sperm binding to oviduct cells, Le
X
 trisaccharide 
was sufficient and necessary to tether sperm. Blocking the sperm lectins with soluble Le
X
 
(sulfated and non-sulfated) reduced sperm binding to oviduct cell aggregates by 61%. Likewise, 
blocking Le
X
 structures with a specific antibody decreased sperm binding by up to 43%. Because 
we were not able to attain total inhibition of binding, it is not known whether the residual 
adhesion was due to inability to block completely Le
X
 or its putative receptors or to nonspecific 
binding (technical factors). Incomplete inhibition may also point to functions of other glycans 
(branched sialylated lactosamine or protein-protein based adhesion).  
 Multivalency and sperm interaction with Le
X
 moieties are important factors in porcine 
sperm binding (Geng et al., 1997, Yoshitani et al., 2001). The glycan array demonstrated that 
some monovalent glycans failed to bind sperm as compared to the multivalent version of the 
same glycans (Kadirvel et al., 2012). Synthetic glycans used in our experiments were covalently 
attached to a polyacrylamide backbone and presented to sperm as molecules containing multiple 
copies of glycans. Intramolecular multivalency is usually important to boost glycan-ligand 
affinity in adhesive interactions (Collins and Paulson, 2004). The inhibitory ability of Le
X
 
trisaccharide on sperm binding to oviduct cells is likely much higher when glycans are present in 
multiple copies in the same molecule.  
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Porcine sperm are able to recognize Le
X
 structures very specifically. Specificity in 
ligand-receptor interaction is common in other biological systems that involve cell adhesion and 
carbohydrate recognition such as sperm binding to zona pellucida protein (Clark and Dell, 2006, 
Pang et al., 2011), microorganism-host cell interactions (Bao et al., 2013), lymphocyte homing 
(Patnode et al., 2013), and neoplastic cell recognition (Astorgues-Xerri et al., 2013). Porcine 
sperm are able to recognize very specifically Le
X
 and its sulfated version, in which a fucose is 
attached to 3-position of an N-Acetyllactosamine. If the fucose is attached to a 4-position of an 
N-Acetyllactosamine in sulfated and non-sulfated forms of Le
A
, the ability of sperm to recognize 
the glycan is lost, as evidenced in the previous glycan array and current experiments. These 
findings demonstrate that sperm lectins are able to determine very exquisitely which ligands to 
bind.  
 Interestingly, mass spectrometry showed that some specific biantennary oviduct N-
glycans contained both sialylated lactosamine and Lewis structures as termini on the same large 
glycan structure (Kadirvel et al., 2012). It is not clear if there is one receptor that recognizes both 
glycan motifs or if there are separate receptors for each glycan.  We tested the ability of the 
combination of Le
X
 and SiLN to inhibit sperm binding to aggregate cells. Utilizing 
approximately half of the maximum inhibitory concentration of these glycans, Le
X
 blocked 29% 
of sperm binding to aggregate oviduct cells while SiLN reduced sperm binding by 32%. When 
combined, these two glycans eliminated 36% of sperm binding to oviduct cells. These results 
demonstrate that, in competitive assays, the combination of Le
X
 and SiLN does not further 
inhibit sperm binding. The lack of a synergistic or additive effect when combining these two 
glycans might indicate that they are competitively binding to unique receptors. Thus far, it is not 
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clear whether these hybrid glycans tether more sperm than individual glycans (e.g., biantennary 
sialylated N-Acetyllactosamine). 
 We demonstrated that SiLN (Kadirvel et al., 2012) and Le
X
 trisaccharide (herein) are 
authentic sperm-adhesive glycans, likely to be involved in the formation of the sperm reservoir 
in swine. Binding to oviductal cells in the isthmus influences several functions essential to 
capacitation such as ionic transport (Garbers et al., 1982, Demarco et al., 2003, Kirichok et al., 
2006b, Qi et al., 2007, Ho et al., 2009b), protein phosphorylation (Visconti et al., 1995a, 
Visconti et al., 1995b, Morgan et al., 2008, Mitchell et al., 2008), membrane cholesterol efflux 
(Demarco et al., 2003, Signorelli et al., 2012), and changes in membrane potential [Visconti et 
al., 2011]. The role of binding to SiLN and Le
X
 on sperm function has yet to be elucidated; 
therefore, future research should address the physiological implications glycan binding to 
porcine sperm. This information could contribute to the development of more precise assays to 
estimate male fertility and cryopreservation damage, an injury often causing premature 
capacitation. 
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Figures 
 
 
Figure 7. The apical edge of uncapacitated sperm bound fluoresceinated sulfo Le
X
. Sperm 
were incubated with fluoresceinated glycans for 15 min and counted. For capacitation, sperm 
were incubated for 4 hr in capacitating medium. The photomicrographs show representative 
fields of differential interference contrast (DIC) (A, D, G, and J), fluorescence (B, E, H, and K) 
and merged images (C, F, I, and L). Fluorescence was detected mostly on the apical edge of 
uncapacitated sperm treated with sulfated Le
X
. This binding decreased as sperm were 
capacitated. This experiment was repeated at least three times. Bar = 20 µm. 
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Figure 8. Uncapacitated sperm bind preferentially to sulfo Le
X
. Quantification of 
fluoresceinated glycan binding to uncapacitated (NC) and capacitated (C) sperm showed that 
sulfated Le
X
 binding is dependent on capacitation status and glycan. Open bars indicate binding 
to sulfated Le
X
 and shaded bars designate binding to the positional isomer, sulfated Le
A
. The 
decrease in sperm binding to sulfated Le
X
 is due to capacitation. Sulfated Le
A
 bound 
significantly less uncapacitated and capacitated sperm, indicating glycan binding specificity. 
Different letters over the bars represent significant differences (p < 0.05). 
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Figure 9. Uncapacitated sperm bind specifically to a solid-phase matrix coated with sulfo-
Le
X
. Uncapacitated sperm bind preferentially to glycan-coated beads containing sulfated Le
X
. A 
drastic reduction in sperm binding is observed when sperm is incubated with sulfated Le
A
. 
Sperm bind to glycan-coated beads with a high degree of adhesion specificity. The asterisk 
represents a significant difference (p < 0.05). 
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Figure 10. Epithelial cells from the isthmus display a complex profile of glycoproteins 
containing Le
X
. Western blotting using a monoclonal P12 antibody detected Le
X
 in lysate of 
post-pubertal sows during follicular (F) and luteal (L) phases An IgM antibody was used to 
control for non-specific binding (not shown). Primary antibody was omitted as a negative control 
and non-specific bands were detected (not shown). This blot is representative of a series of 
experiments to detect immunoreactive glycan epitopes. The results demonstrate that Le
X
 motifs 
are present in a large number of soluble and cell-associated proteins. 
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Figure 11. Le
X
 is localized to the luminal border of the isthmic epithelium. Isthmus sections 
from collected from lower (near the utero-tubal junction), upper (near the ampullar-isthmic 
junction), and medial (between lower and upper) were tested for the presence of Le
X 
moieties. 
Immunohistochemistry using a Le
X
 antibody (P12) detected Le
X
 in isthmic sections from sows in 
follicular and luteal phases. No quantitative differences were detected. The punctate staining on 
the epithelial border indicates the presence of Le
X
. Bar = 20 µm. 
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Figure 12. Blocking the epithelial Le
X
 glycan epitopes with P12 monoclonal antibody 
reduces sperm binding to oviduct epithelial cell aggregates. Epithelial sheets were removed 
from the isthmus, dis-aggregated, allowed to re-aggregate to form spherical structures and pre-
incubated for 30 min with P-12, a monoclonal antibody to Le
X
. The isthmic aggregates were then 
incubated with sperm for 15 min at 39ºC. After removing loosely adherent sperm, live bound 
sperm were counted and normalized by dividing by the length of the aggregate perimeter. A 
substantial reduction in sperm binding was observed if the Le
X
 epithelial ligands were blocked. 
The antibody was effective at all concentrations tested. The asterisks represent significant 
differences (p < 0.05). 
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Figure 13. Blocking sperm receptors to Le
X
 with soluble glycans reduces sperm binding to 
oviduct epithelial cell aggregates. Epithelial cell aggregates from the oviduct isthmus were 
processed to allow formation of spherical structures used as a sperm binding matrix. Sperm were 
pre-incubated with soluble glycans for 30 min. Sperm were then co-incubated with oviduct 
aggregates for 15 min at 39ºC. After removing loosely adherent sperm, live bound sperm were 
counted and normalized by dividing by the length of the aggregate perimeter. A reduction in 
sperm binding was observed if the sperm receptors for Le
X
 were blocked. The asterisks represent 
significant differences (p < 0.05). 
  
* 
* * 
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Figure 14. Blocking sperm receptors for SiLN and Le
X
 with soluble glycan reduces sperm 
binding to oviduct epithelial cell aggregates.  Epithelial sheets were removed from the 
isthmus, dis-aggregated and allowed to re-aggregate to form spherical structures. The oviduct 
aggregates were preincubated with soluble SiLN and Le
X
 individually or in combination. 
Loosely bound sperm were removed by washing, and live attached sperm were counted and 
normalized by dividing by the length of the aggregate perimeter. Treatment with individual 
glycans reduced sperm binding; however, the combination of SiLN and Le
X
 did not produce an 
apparent synergistic or additive effect on sperm binding. The asterisks represent significant 
differences (p < 0.05).  
  
* * 
* 
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CHAPTER 4: OVIDUCT GLYCANS REGULATE SPERM Ca
2+
 INFLUX, PROTEIN 
TYROSINE PHOSPHORYLATION AND SPERM VIABILITY
4
 
 
Abstract 
Prior to fertilization, sperm bind to the epithelial cells of the oviduct isthmus to form a 
reservoir that regulates sperm function, including viability and capacitation. Maintenance of a 
sperm reservoir may maintain reproductive efficiency in species, like swine, in which semen 
deposition and ovulation are not always synchronized. We demonstrated previously that porcine 
sperm bind specifically to two oviductal glycan motifs, biantennary sialylated N-
acetyllactosamine (SiLN) and Lewis X (Le
X
). Here, we tested specifically the ability of these 
saccharides to regulate sperm Ca
2+
 influx under capacitating conditions. Using Fluo-4, a 
fluorescent calcium probe, we observed that incubation of sperm with SiLN, Le
X
, and sulfated 
Le
X
 suppressed Ca
2+
 entry during capacitation. These effects were glycan-specific; the 
structurally-related controls did not alter Ca
2+
 uptake. We tested if binding to solid-phase SiLN 
and sulfated Le
X
 glycans affected sperm viability. Sperm were incubated with glycan-coupled 
beads for up to 24 hours and viability was assessed by SYBR14 and propidium iodide staining. 
After 24 h incubation, viability of sperm bound to branched SiLN beads was 46%, and to 
sulfated Le
X
 was 41%. Viability of free-swimming sperm was ≤12% for control groups. Last, to 
determine if sperm protein tyrosine phosphorylation associated with capacitation was affected by 
glycan binding, we incubated uncapacitated sperm with 40 µg/mL of SiLN and Le
X
 for up to 
four hours under capacitating conditions. Western blotting using a phosphotyrosine antibody was 
performed on samples collected at 0, 2, and 4 hours of incubation. SiLN at four hours 
                                                          
4 Experiments represented by Figures 1 and 2 were performed by others. 
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significantly suppressed protein tyrosine phosphorylation while other glycans had no effect. 
These results demonstrate that oviduct SiLN and Le
X
 glycans can regulate sperm Ca
2+
, sperm 
capacitation and ultimately sperm lifespan. 
 
Introduction 
 Sperm are stored by females in a reservoir in a variety of mammals (Hunter et al., 1980, 
Smith and Yanagimachi, 1991, Suarez et al., 1991, Demott and Suarez, 1992, DeMott et al., 
1995, Baillie et al., 1997, Troedsson et al., 1998, Tienthai et al., 2004), birds, reptiles and 
amphibians (Sever, 1997, Almeida-Santos et al., 2004, Das et al., 2008, Belstra et al., 2004). A 
functional sperm reservoir (Hunter et al., 1980) in the mammalian oviductal isthmus regulates 
sperm function and enhances cell viability, traits necessary for proper fertilization in a timely 
manner, given that insemination and ovulation are not always well synchronized in species like 
swine (Topfer-Petersen et al., 2002). Upon ejaculation into the female tract, a sperm 
subpopulation is transported to the isthmus, where the spermatozoa attach to epithelial cells until 
peri-ovulatory cues determine their gradual release towards the fertilization site (Hunter, 2002, 
Vigil et al., 2012). Sperm binding to epithelial cells (Murray and Smith, 1997,Talevi and 
Gualtieri, 2010) regulates cell function by suppressing sperm motility and extending sperm 
lifespan (Waberski et al., 2006, Rodriguez-Martinez, 2007). The storage of sperm in the oviduct 
is believed to be a carbohydrate-mediated event (Green et al., 2001, Topfer-Petersen et al., 2008) 
and the particular adhesion molecules involved in the formation of the sperm may be species-
specific (Tulsiani et al., 1997, Cortes et al., 2004, Sostaric et al., 2005, Topfer-Petersen et al., 
2008). The binding of lectin-like receptors on the sperm head to isthmic cell ligands (Rodriguez-
Martinez, 2007) is a major event (Murray and Smith, 1997, Topfer-Petersen et al., 2002, Tienthai 
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et al., 2004, Holt and Fazeli, 2010) that enables a succession of essential changes necessary to 
accomplish fertilization, collectively known as sperm capacitation (Fazeli et al., 1999, Topfer-
Petersen et al., 2002, Holt and Fazeli, 2010).  
Capacitation involves a series coordinated sperm changes directly associated with plasma 
membrane potential and ionic transport (Garbers et al., 1982, Demarco et al., 2003, Kirichok et 
al., 2006, Ho et al., 2009a), modifications in protein phosphorylation (Visconti et al., 1995a, 
Visconti et al., 1995b, Morgan et al., 2008, Mitchell et al., 2008), and membrane cholesterol 
efflux (Demarco et al., 2003, Signorelli et al., 2012). Sperm maturation in the oviduct will 
eventually lead to the acrosome reaction and is associated with increased phosphorylation of 
tyrosine residues on a number of proteins (Salicioni et al., 2007), a downstream process 
dependent on calcium influx (Breitbart, 2002, Florman et al., 2008). In vitro sperm capacitation 
requires a cholesterol acceptor, such as albumin, in addition to HCO3
-
, and Ca
2+
 (Visconti, 2009). 
Mechanisms that control the movement of ions, including calcium, through the sperm plasma 
membrane during capacitation in the isthmus are poorly understood, although it is known that 
influx of Ca
2+
 is a key regulator of sperm function (Publicover et al., 2007). Calcium ions can 
make their way into the sperm cell via a number of voltage-gated Cav channels, CNG channels, 
TRP channels, and a relatively new class of sperm-specific calcium channels, known as CatSper 
(Publicover et al., 2007, Darszon et al., 2011). Ca
2+
 uptake deficiency results in failure of sperm 
to hyperactivate and detach from the isthmic epithelium, which causes infertility in mice (Jin et 
al., 2007, Ho et al., 2009a). These data suggest that Ca
2+
 influx is necessary for fertility. Sperm 
hyperactivated motility accompanies capacitation and is controlled by increased Ca
2+
 influx and 
HCO3
- 
, molecules that activate a soluble Adenylyl Cyclase (sAC). The product of sAC, cyclic 
AMP, activates protein kinase A (PKA) and Src-family kinases (Baker et al., 2006) leading to 
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phosphorylation of a series of proteins that initiate a signaling cascade culminating in sperm 
hyperactivated motility (Visconti, 2009). It is likely that the maintenance of low Ca
2+
 
concentrations during the period of adherence to the epithelial isthmus be one of the most 
important aspects of delaying capacitation to lengthen sperm viability (Smith and Nothnick, 
1997, Smith, 1998).  
The oviduct component that binds sperm and may be responsible for regulating sperm 
behavior in the oviduct is uncertain. Recently, a glycan array screening for specific glycans 
indicated that branched sialylated N-acetyllactosamine (SiLN) and Lewis X trisaccharide (Le
X
) 
each bind uncapacitated boar sperm (Kadirvel et al., 2012). Because these sugars are at least 
partially involved in in sperm binding to porcine isthmic epithelial cells, soluble and membrane-
bound oviduct glycoproteins may regulate sperm calcium influx and protein tyrosine 
phosphorylation. Although the physiological significance of sperm binding to these specific 
sugars is not clear, they may modulate boar sperm capacitation. Here we provide evidence that 
SiLN and Le
X
 glycan moieties suppress the sperm Ca
2+
 influx, modifying protein tyrosine 
phosphorylation and extending sperm lifespan. 
 
Materials and Methods 
Collection and Processing of Sperm  
For each replicate, semen collected from 3 to 5 mature boars (Prairie State Semen, Inc., 
Champaign, IL) semen was extended, cooled to 17 ºC, transported to the laboratory, and 
processed within 24 h of collection. The extended semen was pooled and 3 mL were washed 
through a Percoll cushion containing 4 mL of non-capacitating dmTALP (NC-TALP; 2.1 mM 
CaCl2, 3.1 mM KCl, 1.5 mM MgCl2, 100 mM NaCl, 0.29 mM KH2PO4, 0.36% lactic acid, 0.6% 
 99 
 
polyvinyl alcohol, 1 mM pyruvic acid, 35 mM HEPES, [pH 7.3], sterile filtered), 0.6 mL of 10X 
HBS (1.3 M NaCl, 40 mM KCL, 10 mM CaCl2, 5mM MgCl2, 140 mM fructose, 5% BSA, sterile 
filtered), and 5.4 mL of Percoll for 10 min at 800 x g. The resulting pellet was re-suspended in 5 
mL of NC-TALP and centrifuged for 3 min at 600 x g. The sperm concentration was estimated 
by hemocytometer and only sperm samples with motility greater than 80% were used for the 
experiments. 
 
Sperm Binding to Glycan Coupled to Beads and Viability Assay 
 Glycan-coated streptavidin-Sepharose High Performance beads (GE Healthcare, Sweden, 
average diameter of 34 µm) were used to test the ability of SiLN and Le
X
 glycan residues to 
extend the lifespan of uncapacitated boar sperm. To link glycans to beads, approximately 60 µg 
of biotinylated glycans covalently attached to a polyacrylamide core were incubated with 20 µL 
of streptavidin-Sepharose beads for 90 min at room temperature. Each 30 kDa molecule of 
polyacrylamide had 20% glycan and 5% biotin, by molarity. The beads were washed twice in 
Cap-TALP and re-suspended in 100 µl of Cap-TALP. Once the glycan-coupled beads were 
ready for use, a 100 µL-droplet containing 2 x 10
5
 sperm/mL was prepared to receive 2 µL of 
glycan coated beads. Uncapacitated sperm and beads were co-incubated at 39 ºC and collected 
for evaluation of viability at 30 min, 4, 8, 12, and 24 h. 
 The viability of bound sperm was determined by LIVE/DEAD Sperm Viability Kit 
(Molecular Probes, OR). Live-cell stain SYBR 14 at 100 nM and dead-cell stain propidium 
iodide at 12 µM was incubated with sperm for 5 min at 39°C. Then, sperm were observed by 
fluorescence microscopy. For each treatment, 10 beads were randomly selected and the total 
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number of bound live and dead sperm were enumerated. The experiment was documented using 
an AxioVision 4.5 software (Carl Zeiss, Germany). 
 
Measurement of Free Ca
2+
 influx in Sperm Populations 
 Calcium influx in sperm populations at a final concentration of 5 x 10
6
 sperm/mL was 
assessed by a spectrofluorometric assay using a probe that detects intracellular Ca
2+
. Fluo-4 AM, 
a Ca
2+
-sensitive reporter, was loaded into the sperm and incubated for 30 min at room 
temperature and protected from light. This incubation is necessary to allow complete hydrolysis 
of the acetoxymethyl (AM) ester group by cytoplasmic esterases, rendering Fluo-4 molecules 
sensitive to Ca
2+
 ions. Sperm treated with soluble glycans linked to a polyacrylamide core were 
incubated at 39ºC and measurements were taken every 30 min for 90 min. In order to measure 
strictly intracellular Ca
2+
 signal and account for probe leaking and extrusion from cells, we used 
8.4 mM of EGTA to chelate extracellular Ca
2+
. Differences in cytoplasmic levels of free 
cytoplasmic Ca
2+
 due to binding to Fluo-4 were detected upon argon-ion laser excitation at 494 
nm and emission at 516 nm in a QuantaMaster 4CW fluorescence spectrophotometer (Photo 
Technology International, NJ).  
 
Isolation of Sperm Proteins 
Sperm collected from at least three boars was pooled and centrifuged through a Percoll 
cushion, washed in NC-TALP and incubated in NC-TALP (negative control for tyrosine 
phosphorylation), Cap-TALP (positive control for tyrosine phosphorylation), and Cap-TALP 
containing 40 µg/mL of either SiLN, Le
X
, LN, or Le
A
.  Control and treatment groups were 
collected at 2 and 4h-incubation time-points and prepared for protein isolation and analysis. With 
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minor modifications, the preparation of samples was carried out according to (Tardif et al., 
2001). Briefly, sperm concentration was adjusted so that each treatment group contained 5 x 10
6
 
cells. The sperm were centrifuged at 13,000 x g for 5 min at 4 ºC. The supernatant was discarded 
and the resulting pellet was re-suspended in ice-cold Nonidet-P40 Lysis Buffer (150 mM NaCl, 
50 mM Tris, pH 8.0, and 1 % NP-40) containing 0.2 µM sodium orthovanadate, in addition to a 
protease inhibitor cocktail containing AEBSF, bestatin, E-64, pepstatin A, phosphoramidon, and 
leupeptin used according to manufacturer instructions (Sigma-Aldrich Co.). After 
homogenization, the samples were boiled 5 min and centrifuged at 13,000 x g for 5 min at 4 ºC. 
The resulting supernatant was transferred to a fresh micro-centrifuge tube containing 5% of β-
mercaptoethanol and boiled an additional 5 min. 
 
SDS-PAGE, and Western Blotting 
Aliquots containing 5 x 10
6
 sperm were diluted in 5X loading buffer (4% SDS, 20% 
glycerol, 0.1% bromophenol blue, 0.125 mM Tris HCl, pH 6.8), and loaded into a 4-20% 
gradient gel (Thermo Scientific, IL). The gel was immersed in BupH Tris-HEPES-SDS Running 
Buffer (Thermo Scientific, IL) (100 mM Tris base, 100 mM HEPES, 3 mM SDS, pH 8.0) to 
separate the proteins by electrophoresis at 100 V (~ 2 V/cm
2
) for approximately 90 min. The 
resolved proteins were transferred to a nitrocellulose membrane immersed in a transfer buffer 
(25 mM Tris base, 192 mM glycine, 20% methanol, and 0.025% SDS) at 100 V for 60 min.  
 The membranes were blocked overnight at 4 ºC in TBST (137 mM NaCl, 20 mM Tris 
HCl, and 0.1% Tween 20) containing 5% BSA. An anti-phosphotyrosine antibody from 
hybridoma clone 4G10 (Millipore, CA), was used at 1:1000 dilution to detect protein tyrosine 
phosphorylation. The primary antibody incubation was carried out in TBST 5% BSA solution at 
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room temperature for 60 min. The membranes were washed in TBST and then incubated with a 
polyclonal anti-mouse IgG conjugated to HRP (BD Pharmingen) diluted 1:2000 in TBST 5% 
BSA at room temperature for 60 min. After washing, the membranes were incubated with a 
chemiluminescent peroxidase substrate (Thermo Fisher Scientific Inc., IL). Chemiluminescent 
signals were detected and documented using an ImageQuant LAS 4000 (GE Healthcare Bio-
Sciences AB, Sweden). To correct for differences in protein loading, the membranes were 
stripped of primary and secondary antibodies using a commercial western blot stripping buffer 
(Thermo Fisher Scientific, Inc., IL). Antibody stripping was carried out at 37ºC for 20 min. The 
membranes were blocked overnight in TBST 5% BSA and re-probed with antibody against 
syntaxin 2 (Synaptic Systems, Goettingen, Germany) at 5 µg/mL for 60 min at room 
temperature. The membranes were washed and incubated with a rabbit IgG antibody coupled to 
peroxidase (Thermo Fisher Scientific, Inc., IL) for 60 min at room temperature. The membranes 
were incubated with peroxidase substrate and documented. An EGF stimulated A431 cell lysate 
positive control (Millipore, CA) was used as a positive control. A minus-primary antibody was 
used to control for non-specific binding. 
 
Quantification of Protein Tyrosine Phosphorylation  
The blots were analyzed in an Image Quant TL 1D version 7.0 software (GE Healthcare, 
Sweden) using the 1D gel analysis function. Lane boxes were manually created and resized to 
cover the entire area occupied by the lane. The background was automatically subtracted using 
the “Rolling Ball” method. The bands equivalent to proteins with phosphorylated tyrosine 
residues and syntaxin 2 were manually detected based on a graphical representation of the 
protein expression profile for each individual lane. For each lane, the software originates a graph 
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reflecting the intensity of the arbitrary counts and pixel position of each band present in the lane 
(e.g., band intensity determines the number of arbitrary counts and protein size determines the 
pixel position). Once the bands were detected, a group of bands in a particular lane was 
normalized to “their average volume”, considering a pre-determined normalized volume of 100 
(arbitrary unit). 
The nitrocellulose membranes were re-probed with Syntaxin-2 antibody to correct for 
unequal loading of protein lysate. The calculated value for total protein tyrosine phosphorylation 
were divided by the calculated value of syntaxin 2 within each lane.  
 
Statistical Analysis 
Differences among means were determined using a one-way analysis of variance run in a 
SAS statistical package (v. 9.1 SAS Institute, Inc, Cary, NC). The results are shown as means ± 
SEM and the means were considered to belong to distinct populations if p < 0.05 using Tukey’s 
test for multiple comparisons. 
 
Results 
Binding to SiLN and Le
X
 Glycans Enhances Uncapacitated Sperm Viability 
 Sperm storage in the oviductal isthmus promotes dynamic changes in sperm that are 
necessary to accomplish fertilization. Direct contact between cell membranes of sperm and 
oviductal epithelium has the ability to maintain sperm viability (Murray and Smith, 1997, 
Waberski et al., 2006, Rodriguez-Martinez, 2007), improving the odds of fertilization. We tested 
the direct influence of SiLN and Le
X
 glycan residues on uncapacitated sperm viability over a 
period of 24 hours under capacitating conditions (e.g., dmTALP containing BSA, Ca
2+
, and 
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HCO3
-
). Sperm binding to SiLN enhances cell survival in as little as 8 h of culture (Figure 15). 
Binding to biantennary SiLN improved sperm survival in the order of 2 fold for 8h, 2.1 fold for 
12h, and 3.5 fold for 24 h of incubation, when compared to free-swimming sperm. Although not 
as potent as biantennary SiLN, biantennary LN lacking sialic acid still induced a 1.7, 1.9, and 3.2 
fold difference in viability for 8, 12, and 24 hours of incubation, respectively, compared to free 
sperm. Sulfated (3-O-sulfo) Le
X
 also extended sperm lifespan during 4-24h in vitro (Figure 16). 
Compared to free-swimming sperm, sulfated Le
X
 promoted 1.3, 2, 3.2, and 4.4 fold difference in 
increased survival at 4, 8, 12, and 24h of culture, respectively.  
 
Uncapacitated Sperm Binding to SiLN and Le
X
 Suppresses Ca
2+
 Influx 
 The use of Fluo-4 AM, a Ca
2+
-sensitive reporter, enabled us to determine the effects of 
glycan binding to sperm on the levels of intracellular free Ca
2+
, a vital regulator of sperm 
function (Publicover et al., 2007). Limiting the levels of Ca
2+
 entry in sperm may lengthen sperm 
lifespan by delaying capacitation (Smith, 1998). Although there was no difference in the first 60 
min, control sperm showed a gradual, albeit non-significant, increase in intracellular free Ca
2+
. 
Glycans that bind sperm, SiLN, Le
X
, and sulfated Le
X
 were able to suppress Ca
2+
 entry in 
uncapacitated sperm at 90 min of incubation (Figure 17). The presence of a neuraminic or sialic 
acid attached to a 6-position of a galactose in SiLN residues and the position of the fucose 
monosaccharide on the N-acetylglucosamine in Le
X
 were required for regulation of Ca
2+
 influx 
in sperm. Groups treated with either Le
A
 (Galβ1-3(Fucα1-4)GlcNAc) or sulfated LeA (3’-(O-
SO3)Galβ1-3(Fucα1-4)GlcNAc) were not different than the vehicle control group. Consistently, 
the lack of a sialic acid terminus and lack of complex structure on the disaccharide N-
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acetyllactosamine (Neu5Acα2-6Galβ1-4GlcNAc) reduced the capacity of this glycan to regulate 
Ca
2+
 transport into the sperm.  
 
Binding of to Oviductal Glycans Regulates Sperm Protein Tyrosine Phosphorylation 
 Along with Ca
2+
 influx and activation of the PKA pathway (Visconti, 2009), protein 
phosphorylation, especially on tyrosine residues, is correlated with the development of sperm 
capacitation in mammals (Visconti et al., 1995b,Harayama et al., 2012).  We investigated the 
effect of sperm binding to oviduct glycans on phosphorylation of tyrosine residues during boar 
sperm capacitation. Western blotting analysis revealed that a number of proteins ranging from 
approximately 28-140 kDa had phosphorylated tyrosine residues (Figure 18A). As expected, 
after proper normalization of the phosphorylation signal to the total syntaxin 2 signal (loading 
control), sperm incubated in capacitating conditions (Cap-TALP) had more overall protein 
tyrosine phosphorylation at 4 h of incubation  than sperm incubated under conditions that did not 
promote capacitation (NC-TALP). (Figure 18B). Glycan binding to sperm did not affect overall 
tyrosine phosphorylation at 0 and 2 h of incubation. However, sperm incubated with biantennary 
SiLN exhibited significantly lower levels of tyrosine phosphorylation when compared to the 
positive control and lactosamine-treated sperm. However, sperm incubated with the Le
X
 
trisaccharide did not differ significantly from the positive control and Le
A
 treated sperm. 
Therefore, oviduct SiLN reduced sperm protein tyrosine phosphorylation at 4 hours of 
incubation. 
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Discussion 
 Sperm capacitation and formation of a sperm reservoir in vivo requires sperm binding to 
oviductal cells of the lower oviduct, or isthmus. Binding to oviductal cells lengthens sperm 
lifespan, suppresses Ca
2+
 influx, and protein tyrosine phosphorylation, well established 
physiological markers of capacitation (Dobrinski et al., 1997, Fazeli et al., 1999, Petrunkina et 
al., 2001, Suarez and Pacey, 2006, Rodriguez-Martinez, 2007). The current study showed that 
oviduct glycans present on the lining of the isthmus, branched SiLN and Le
X
 regulate sperm 
intracellular Ca
2+
 concentration, and protein tyrosine phosphorylation and ultimately, lengthen 
sperm lifespan.  In effect, they account for some of the effects on sperm behavior of the oviduct. 
 The effect of glycan binding on suppression of Ca
2+
 influx was very specific. Lewis A, a 
positional isomer of Le
X
 and the N-acetyllactosamine disaccharide that lacks neuraminic acid 
and is not multivalent did not modify Ca
2+
 entry. Under normal capacitating conditions in vitro, 
the rise in cytosolic Ca
2+
 results in pre-fertilization events that include an altered pattern of 
flagellar beating and plasma membrane preparation for the acrosome reaction (Harrison, 1996, 
Rodriguez-Martinez, 2007). Here, we show that at the end of 90-min capacitation time, SiLN and 
Le
X
 (sulfated and non-sulfated forms) suppressed 30% of the normal Ca
2+
 influx associated with 
capacitation. Regulation of Ca
2+
 entry by the oviduct is key to fertility, particularly in species in 
which fertilization and ovulation are poorly synchronized, like swine (Topfer-Petersen et al., 
2008). The control of capacitation exerted by select oviduct glycans may prevent premature 
acquisition of hyperactivated motility, which is detrimental to fertility, as the capacitated sperm 
has reduced ability for membrane repair (Rodriguez-Martinez, 2007). Once capacitated, unless 
the sperm is near an egg, the most likely fate is death before the possibility of fertilization. Our 
data suggest that sperm binding to proper components on the lining of the oviduct isthmus 
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control important events related to capacitation, such as intracellular concentration of Ca
2+
, an 
upstream effector of intracellular cascades that lead to development of sperm fertility (Visconti 
et al., 1995b). 
To date, the mechanisms by which glycans exert their effects on Ca
2+
 entry in sperm, and 
certain steps of capacitation are not well understood. The hyperactivated motility associated with 
capacitation is strictly dependent upon Ca
2+
 influx (Ho et al., 2002), and is transported from the 
extracellular milieu predominantly through CatSper channels (Publicover et al., 2007, Darszon et 
al., 2011). CatSper channels are the only sperm-specific Ca
2+
 channels known to be essential for 
the development of sperm fertility (Qi et al., 2007). Moreover, CatSper deficiency causes 
infertility most likely because the sperm are either unable to hyperactivate and detach from the 
sperm reservoir or penetrate through the zona pellucida (Ho et al., 2009b, Smith et al., 2013).  
Direct membrane contact between spermatozoa and epithelial cells of the isthmus is 
necessary to regulate Ca
2+
 entry, capacitation, and maintenance of sperm viability over extended 
periods (Dobrinski et al., 1997, Murray and Smith, 1997, Smith and Nothnick, 1997). The 
carbohydrate interactions studied in this work are partially responsible for sperm adhesion to the 
oviduct and indicate that SiLN and Le
X
 each regulate porcine sperm viability. Sperm viability 
was tested over a 24 h-period using agarose beads specially coated with glycans, as a binding 
matrix. The effect of glycan binding on sperm viability was clear in as little as four and eight 
hours of incubation with Le
X
- and SiLN-coated beads, respectively. This was probably due to a 
delay in capacitation due to suppressing the Ca
2+
 influx. Sperm binding to the isthmic epithelium 
lengthens sperm fertilizing ability by suppressing the Ca
2+
 influx associated with capacitation 
(Suarez and Pacey, 2006, Murray and Smith, 1997). 
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 In addition to regulating sperm Ca
2+
 and lifespan, SiLN also delays the increase in 
protein tyrosine phosphorylation, an indicator that capacitation is delayed. In the absence of 
glycans, overall phosphorylation increased in capacitation medium, especially a tyrosine 
phosphoprotein of approximately 32 kDa (p32) that was observed by other authors (Tardif et al., 
2001). Because Ca
2+
 uptake is a pre-requisite for the increase in sperm protein phosphorylation 
(Breitbart, 2002, Florman et al., 2008), it is possible that the suppression of Ca
2+ 
influx caused by 
oviduct glycans reduces activity of soluble adenylyl cyclase and downstream activation of 
protein kinase A (Visconti, 2009). Because tyrosine phosphorylation in sperm is downstream of 
PKA phosphorylation, the reduction in PKA activity may then subsequently reduce sperm 
protein tyrosine phosphorylation, as we observed.  Tardif et al. (2003) demonstrated that there 
likely is an interaction between HCO3
-
 and Ca
2+
 in the development of the capacitated state in 
porcine sperm; however, only Ca
2+
 is required for the increase in sperm protein tyrosine 
phosphorylation.  
This is the first study reporting that oviduct Le
X
 and SiLN glycans modify important 
sperm functions associated with capacitation. Our results suggest that suppression of the influx 
of Ca
2+
 ions, regulated by adhesion to oviduct glycans, is central to extending sperm lifespan and 
phosphorylation of protein tyrosine residues. Although there is a clear link between sperm 
binding to oviduct glycan residues and sperm function, the signal transduction that controls 
crucial capacitation events is yet to be clarified. Future research should be devoted to detailing 
the mechanisms by which these glycans regulate sperm function. 
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Figures 
 
 
 
 
Figure 15. Sperm binding to immobilized SiLN glycan lengthens lifespan. Sperm were 
incubated with biantennary SiLN or biantennary LN coupled to beads over 24 hours in 
capacitation medium at 39ºC. Free swimming sperm were used as a control. Free and bound 
sperm were stained with SYBR14 and propidium iodide to assess viability. Lactosamine 
(sialylated and non-sialylated) maintained sperm viability compared to free swimming sperm. 
This experiment was repeated three times. The asterisks represent significant differences (p < 
0.05). 
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Figure 16. Sperm binding to immobilized sulfated Le
X
 glycan lengthens lifespan. 
Uncapacitated sperm incubated with sulfated Le
X
 coupled to beads displayed an extended 
viability when compared to free swimming sperm, used as a control. The incubations were 
carried out in capacitation medium at 39ºC for up to 24 hours. Sperm viability was assessed by 
SYBR14 and propidium iodide staining. The asterisks represent significant differences (p < 
0.05).  
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Figure 17. SiLN and Le
X
 glycans suppress calcium entry during porcine sperm 
capacitation. Fluo-4 loaded sperm were incubated with glycans in capacitating medium at 37ºC.  
Spectrofluorometric readings were taken every 30 min for up to 90 min. Sperm incubated with 
SiLN, Le
X
 and sulfated Le
X
 displayed a suppression in Ca
2+
 increase that normally accompanies 
capacitation, as seen in the vehicle control group. Statistical differences (p < 0.05) relative to the 
vehicle control are represented by an asterisk.  
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Figure 18 
A 
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Figure 18. (cont.) SiLN suppresses the normal increase in protein tyrosine phosphorylation 
that accompanies capacitation. A representative immunoblot of the effects of SiLN, non-
sulfated Le
X
, LN, and non-sulfated Le
A
 on total protein tyrosine phosphorylation at 4 h of 
incubation in capacitating (C) conditions (A). A phosphotyrosine antibody (4G10 clone) was 
used. Sperm incubated in non-capacitating conditions (NC) provided a negative control for 
tyrosine phosphorylation. Syntaxin 2 was used to control for protein input. The arrows indicate 
prominent phosphotyrosine bands that were used for quantitation. Quantitation of the protein 
tyrosine phosphorylation is seen in B. No differences were observed at 0 and 2 hours of 
incubation. At 4 hours, SiLN had significantly less protein tyrosine phosphorylation than the 
matched capacitation medium control (C). Different letters represent significant differences (p < 
0.05). 
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CHAPTER 5: THE RELEASE OF PORCINE SPERM FROM THE FUNCTIONAL 
SPERM RESERVOIR REQUIRES THE PROGESTERONE-CATSPER SYSTEM 
 
Abstract 
Sperm storage in the female reproductive tract is a reproductive strategy used by a 
number of species. When insemination and ovulation are poorly synchronized the formation and 
maintenance of a functional sperm reservoir in the oviductal isthmus improves the odds of 
fertilization in a process that is particularly important in species like swine. The sperm reservoir 
regulates sperm functions, including membrane fluidity and influx of ions such as Ca
2+
. Once 
capacitation is achieved, a fraction of the sperm stored in the isthmus is gradually released 
toward the fertilization site through unclear mechanisms. There is an empirical association 
between hormonal milieu in the oviduct and sperm detachment; therefore, we tested the ability of 
progesterone to induce sperm release from oviduct cell aggregates using an in vitro assay. Sperm 
were allowed to bind to the aggregates and then challenged with 80 and 800 nM progesterone, 
which stimulated the release of up to 48 % of sperm from the cell aggregates. The effect of 
progesterone on sperm release was specific; pregnenolone and 17α-OH-progesterone did not 
affect sperm binding. Calcium influx is associated with capacitation and development of 
hyperactivated motility, essential to sperm fertility. We used Fluo-4 AM, a fluorescent Ca
2+ 
indicator, to determine whether stimulation with progesterone affected intracellular Ca
2+
 
concentration. Incubation of sperm with 80 nM progesterone for 30 min resulted in a 13% 
increase in intracellular Ca
2+
. Progesterone is known to activate CatSper, a sperm-specific Ca
2+
 
channel. We blocked CatSper with 2 µM NNC 055-0396, a Cav channel inhibitor. After a 30 
min-incubation, NNC 055-0396 blocked 75% of the progesterone-induced increase in 
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intracellular Ca
2+
 concentration. Sperm treated with RU-486 did not differ from the control, 
ruling out the involvement of the classical nuclear receptors for progesterone. We then tested 
whether functional CatSper channels were involved in sperm release from oviduct cells. Sperm 
bound to aggregates were treated with 2 µM NNC 055-0396 for 30 min. Blocking CatSper 
inhibited 94% of progesterone-induced sperm release. This is the first report indicating that 
release of sperm from the sperm reservoir is induced by progesterone action through CatSper 
channels.  
 
Introduction 
 Internal fertilization is part of a reproductive strategy that requires mammalian male and 
female gametes to meet in the female reproductive tract. Prior to fertilizing the egg, it is likely 
that the fertilizing sperm first binds to epithelial cells lining the lower oviduct (Topfer-Petersen 
et al., 2002). Upon semen deposition in the female reproductive tract, a subpopulation of the 
ejaculated spermatozoa is transported to the lower oviduct, also called isthmus, which retains 
sperm for variable periods (from hours to weeks), in a species-specific fashion (Birkhead and 
Moller, 1993). This process is vital for the male gamete to acquire the appropriate fertilizing 
capacity (Harrison, 1996, Rodriguez-Martinez, 2007). Binding of sperm to the epithelial cells of 
the isthmus was recognized as an essential modulator of fertilization when (Chang, 1951) and 
(Austin, 1952) first demonstrated that sperm had to remain bound to the luminal isthmus in order 
to achieve normal fertilization rates. The binding to epithelial cells of the isthmus results in 
functional changes in sperm that enable proper sperm-egg binding and fertilization even if there 
is some asynchrony between semen deposition and ovulation. Collectively, these maturational 
changes accomplished in the oviduct are identified as capacitation (Fazeli et al., 1999, Topfer-
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Petersen et al., 2002, Tienthai et al., 2004, Holt and Fazeli, 2010). Interaction of sperm with 
oviduct epithelial cells induces a quiescent state, decreases calcium uptake (Fraser, 1995) and 
protein tyrosine phosphorylation (Visconti, 2009, Visconti et al., 2011), reduces modifications of 
sperm membrane components (Rodriguez-Martinez, 2007), and delays development of 
hyperactivated motility (Demott and Suarez, 1992). Formation of a “functional sperm reservoir” 
(Hunter et al., 1980) in the mammalian oviductal isthmus is most likely to allow gradual release 
of a finite number of competent sperm to the fertilization site, lengthening the duration that 
fertile sperm are provided and reducing the chances of polyspermy (Hunter and Leglise, 1971).  
 The sperm reservoir preserves sperm function. Once plasma membrane destabilization 
associated with changes that occur during capacitation takes place, the sperm is released from the 
sperm reservoir and ready for fertilization. Unless the sperm is near an egg, the fate of a 
capacitated sperm is death (Rodriguez-Martinez, 2007). The preservation of sperm function by 
the oviduct is highly complex, involving recognition of specific adhesion molecules in a 
hormonally influenced environment (Hunter, 2008).  
 The way in which sperm are released from the oviduct reservoir is controversial. 
Detachment and transport of sperm to the site of fertilization may be mediated by mechanisms 
associated with ovulation (Chang and Suarez, 2012). It is not clear however whether release is 
activated by changes in the oviduct fluid, oviduct cells, or sperm. Changes in the peri-ovulatory 
concentrations of sex steroids synthesized by pre-ovulatory follicles might be involved in sperm 
detachment via a counter-current mechanism (Hunter et al., 1983), given the concentrations of 
these hormones, especially estrogen and progesterone, are hundreds of times more concentrated 
in the peri-follicular capillary network than in systemic circulation (Eiler and Nalbandov, 1977). 
Sperm release might result from development of increased torsion due to sperm hyperactivation 
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(Pacey et al., 1995), successive detachment and re-attachment during the peri-ovulatory period 
(Chang and Suarez, 2012), oviductal peristalsis and/or changes in the local steroid hormonal 
milieu. 
 Progesterone stimulates Ca
2+
 entry in human sperm within seconds, in a fast and non-
genomic fashion (Blackmore et al., 1991, Falkenstein et al., 1999). It was recently demonstrated 
that nanomolar concentrations of progesterone stimulate Ca
2+
 influx in human sperm through a 
relatively novel class of sperm-specific Ca
2+
 channels known as CatSper (Lishko et al., 2011, 
Strunker et al., 2011). CatSper channels are localized in the principal piece of the sperm 
flagellum and are essential to male fertility (Ren et al., 2001, Qi et al., 2007, Ho et al., 2009). 
These channels are strongly associated with development of sperm hyperactivated motility 
(Carlson et al., 2009), and have been implicated in sperm chemotaxis (Strunker et al., 2011).  
 This work was designed to determine the role of progesterone in the release of sperm 
from the oviduct reservoir . Because progesterone is involved in CatSper activation, we also 
explored the function of CatSper channels in progesterone-triggered sperm release.  
 
Materials and Methods 
Collection and Processing of Sperm 
For each replicate, semen samples were collected from 3-5 different mature boars and diluted 
in extender. Samples were stored at 16º to 18º C up to 24 hr prior to use.  Three ml of pooled 
extended semen were washed through Percoll gradients containing 5.4 ml Percoll, 0.6 ml 10X 
HBS (1.3 M NaCl, 40 mM KCl, 10 mM CaCl2, 5 mM MgCl2), and 4 ml non-capacitating 
dmTALP (NC-TALP; 2.1 mM CaCl2, 3.1 mM KCl, 1.5 mM MgCl2, 100 mM NaCl, 0.29 mM 
KH2PO4, 0.36% lactic acid, 26 mM NaHCO3, 0.6% BSA, 1 mM pyruvic acid, 20 mM HEPES 
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pH 7.3, and sterile filtered) at 800 x g for 10 min.  Sperm were washed with 5 ml NC-TALP and 
pelleted for 5 min at 600 x g. Samples with greater than 80% motility were used immediately for 
experiments. Sperm concentration was determined by hemocytometer and adjusted according to 
the experiment. 
 
Collection of Oviduct Epithelial Cells 
For each experiment, the isthmus of 15-20 oviducts were collected from pre and post-
pubertal females and transported in PBS in a sterile 50 ml conical tube on ice. After 2-20 hr on 
ice, the oviducts were processed at the lab. The isthmus was trimmed and the edge of a 
microscope slide was used to apply pressure to the outside of the oviduct to strip sheets of 
oviduct epithelial cells from the isthmus. Epithelial sheets in PBS were transferred to a 15 ml 
conical tube and centrifuged at 100 x g for 1 min. After removing the supernatant, the cells were 
disaggregated by passage through a 1 ml pipette tip 10 times. After bringing the volume to 15 ml 
with PBS, the suspension was centrifuged again. The partially disaggregated cells in the pellet 
were passed through a 22-gauge needle ten times.  After adjusting the volume to 12 ml with 
dmTALP, the cells were divided evenly into three 100-mm tissue culture dishes. Cells were 
allowed to re-aggregate for 90 min at 39
o
C. Spherical aggregates that were 100-150 µm in 
diameter were selected for experiments. 
 
Assay of Sperm Binding to Oviduct Epithelial Cells 
To test the effect of progesterone on sperm release from oviduct cells, an assay to detect 
sperm binding and release from oviduct cell aggregates was used. Spherical oviduct cell 
aggregates were selected and washed twice in 100 µL drops of fresh dmTALP. A Stripper 
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Pipette (MidAtlantic Diagnostics, Inc., Mount Laurel, NJ) with a 250 µm internal diameter tip 
was used to collect oviduct epithelial cell aggregates and wash them. Sperm at a final 
concentration of 5 x 10
5
 cells/mL were added to 50 µL droplets (total volume) containing 
oviduct cell aggregates. Sperm and oviduct cell aggregates were pre-incubated at 39°C for 15 
min to allow sperm binding. When testing the necessity for CatSper channels in sperm release, 
two µM of NNC 055-0396, a Ca2+ channel blocker, was also added to this step. Then, the sperm-
oviduct cell complexes were transferred in 3 µL to a fresh 47 µL-droplet containing either 80, 
800 nM of progesterone or 80 nM of progesterone, pregnenolone, and 17α-OH-progesterone for 
30 min at 39°C. Ten aggregates were added to each droplet in triplicate droplets. After co-
incubation, free and loosely attached sperm were removed by washing with 30 µl of Cap-TALP. 
Aggregates were transferred onto a microscope slide in a volume of 3 µl. Each droplet with 10 
aggregate-sperm complexes was considered an experimental unit for statistical analysis. Images 
were captured using a Zeiss Axioskop and AxioCam HRc digital camera (Carl Zeiss, 
Thornwood, NY). The number of sperm bound to the periphery of each aggregate was 
enumerated and the circumference of the aggregate calculated using AxioVision V 4.5 software 
(Carl Zeiss, Thornwood, NY). The number of sperm bound per mm circumference was 
calculated for each aggregate. The average of more than 10 aggregates for each droplet was used 
for statistical analysis.  
 
Measurement of Free Ca
2+
 influx in Sperm Populations 
 Calcium influx in sperm populations was assessed by a spectrofluorometric assay using a 
probe that detects intracellular Ca
2+
. These experiments were repeated at least three times.  Fluo-
4 AM, a Ca
2+
-sensitive reporter, was added at a final concentration of four µM to a sperm 
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suspension (5 x 10
6
 sperm/mL in Cap-TALP) and incubated in the dark for 30 min at room 
temperature. This incubation was necessary to allow complete hydrolysis of the acetoxymethyl 
(AM) ester group by cytoplasmic esterases, enabling Fluo-4 molecules to bind to Ca
2+
. Sperm 
treated with 80 nM of progesterone were incubated at 39ºC and measurements were taken at 0, 
15, and 30 min. In experiments assessing the involvement of CatSper channels during the 
progesterone-mediated Ca
2+
 influx, either two µM of NNC 055-0396 or 500 nM of RU-486 were 
added 15 min prior progesterone supplementation. In order to measure strictly intracellular Ca
2+
 
signal and account for probe leaking and extrusion from cells, we used 8.4 mM of EGTA to 
chelate extracellular Ca
2+
. Differences in cytoplasmic levels of free cytoplasmic Ca
2+
 due to 
binding to Fluo-4 were detected upon argon-ion laser excitation at 494 nm and emission at 516 
nm in a QuantaMaster 4CW fluorescence spectrophotometer (Photo Technology International, 
NJ). 
 
Statistical Analysis 
Statistical analysis of sperm binding assay and Ca
2+
 influx is sperm populations, we used 
SAS software (v. 9.1 SAS Institute, Inc, Cary, NC) to run an one-way analysis of variance using 
a PROC GLM (General Linear Models) procedure following the general model: Yij=µ + αi + εij 
(where Yij is the j
th
 sample observation from population i; µ is the overall mean; α is an effect due 
to population i; and ε is the random deviation of Yij about the i
th
 population mean). Results are 
depicted as means ± SEM. Differences were considered to be significant if p < 0.05 using 
Tukey’s test for multiple comparisons. 
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Results 
Progesterone Promotes Sperm Release from Oviduct Cell Aggregates 
 Several reports indicate that progesterone is an important mediator in the process of 
sperm capacitation, especially in later maturational stages when membrane contact between 
sperm and oviduct cells is broken (Hunter, 1972, Hunter et al., 1999). Progesterone has also been 
implicated in the regulation of Ca
2+
 entry and development of fertility of sperm in several 
species, including swine (Baldi et al., 1991, Hunter et al., 1999, Smith et al., 2013). We used an 
in vitro assay to test the ability of progesterone to release porcine sperm from oviduct isthmic 
cells. Sperm were allowed to bind the isthmic aggregates and then challenged with 80 and 800 
nM of progesterone (Figure 19). Treatment with progesterone stimulated the release of up to 
48% of sperm from aggregates compared to vehicle control group. Concentrations of 
progesterone beyond 80 nM did not stimulate further release of sperm from aggregates. To 
ensure that progesterone’s effect on sperm release was specific, we treated sperm bound to 
oviduct aggregate cells with pregnenolone and 17α-OH-progesterone at 80 nM each. The groups 
treated with vehicle control, 17α-OH-progesterone, and pregnenolone, were not significantly 
different than the controls without exogenous steroids (Figure 20), indicating a specific effect of 
progesterone on sperm release from oviduct aggregate cells.  
Because Ca
2+
 influx is implicated in the development of sperm capacitation (Chang and 
Suarez, 2012), we used a fluorescent Ca
2+
 indicator, Fluo-4 AM, to determine whether 
progesterone induces calcium influx in boar sperm. Although 0 and 15 min incubation with 
progesterone did not result in significant fluctuations in cytoplasmic free Ca
2+
, treatment of 
sperm with 80 nM of progesterone for 30 min resulted in a 13% increase in intracellular Ca
2+
 
when compared to vehicle controls (Figure 21).  
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CatSper Channels are Involved in Sperm Detachment from Oviduct Cell Aggregates 
 We investigated the possibility that progesterone influences sperm release from oviductal 
cells by activating CatSper Ca
2+
 channels. These channels are responsive to progesterone 
(Lishko et al., 2011, Strunker et al., 2011) and are essential for the development of male fertility 
(Jin et al., 2007, Ho et al., 2009, Hildebrand et al., 2010). To test the functional importance of 
CatSper, we first used a T-type channel blocker (NNC 055-0396) that inhibits CatSper channels. 
We treated the sperm with 0.4 and 2 µM of the NNC compound and free intracellular Ca
2+
 was 
measured at 0, 15, and 30 min after progesterone addition. Blocking CatSper with 2 µM NNC 
compound prevented an increase in cytoplasmic Ca
2+
 in sperm treated with 80 nM progesterone 
(Figure 22). To rule out the involvement of progesterone as a classical nuclear transcription 
factor, we used RU-486 (mifepristone), a synthetic progesterone receptor antagonist. 
Mifepristone at a final concentration of 500 nM did not affect Ca
2+
 influx (Figure 23).  
 Once the association between progesterone and Ca
2+
 influx was established (Figures 21 
and 22), we tested whether functional CatSper channels were involved in sperm release from 
oviduct aggregate cells. Blocking CatSper with 2 µM NNC compound inhibited 94% of 
progesterone-induced sperm release (Figure 24). This demonstrated that porcine sperm release 
from isthmic epithelial cells is mediated by progesterone and requires functional CatSper 
channels. 
 
Discussion 
 This report documents the importance of progesterone and CatSper channels in the 
release of porcine sperm from the sperm reservoir. We demonstrated that progesterone stimulates 
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the detachment of porcine sperm from oviduct cell aggregates in vitro through an increase in 
levels of cytoplasmic Ca
2+
, requiring CatSper channels. These findings indicate that cytosolic 
free Ca
2+
 is central to sperm adhesion to the oviduct and an increase in this ion triggers the 
release of sperm from the oviduct.  
 Earlier studies of the isthmus suggested that progesterone could be one of the factors 
involved in the increase of polyspermy observed in gilts that underwent tubal reconstructive 
surgery (Hunter and Leglise, 1971). Because polyspermic fertilization may be caused by release 
of higher than normal numbers by the oviduct isthmus at a given moment, we tested whether 
progesterone alone could promote sperm release from oviduct cells in an in vitro system. We 
observed that incubation of sperm-oviduct aggregate cell complexes with progesterone resulted 
in significantly higher rates of sperm release than those treated with vehicle control. The 
progesterone biosynthetic precursor pregnenolone and downstream derivative 17α-OH-
progesterone, used as specificity controls, demonstrated that sperm release from oviduct cell 
aggregates was due to progesterone. Previous studies demonstrated that estradiol had no effect 
on sperm release from oviductal vesicles in vitro (Bureau et al., 2002). Our results corroborate 
the findings of an in vivo study that reported high rates of polyspermic fertilization when the 
oviduct hormonal milieu was modified by injecting progesterone in the isthmic subserosa of gilts 
in the pre-ovulatory period (Hunter, 1972). Although serum concentrations of progesterone are 
very high during the pre-ovulatory period, especially near the oviduct (Eiler and Nalbandov, 
1977), how this steroid reaches the spermatozoa is unclear. Some have suggested a counter-
current mechanism of progesterone supply to the oviduct (Hunter et al., 1983). In this model, 
ovarian steroid hormones would diffuse from the ovarian vein to the utero-tubal arteries, 
redirecting the flow of progesterone toward the oviduct reservoir. Besides the counter-current 
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theory, cumulus-oocyte complexes and detached cumulus cells recently ovulated are likely to be 
biologically active and synthesize progesterone (Schuetz and Dubin, 1981, Brussow et al., 2006), 
which could modify the oviductal environment and elicit changes in sperm behavior, including 
release from the isthmic epithelial matrix.  
 We demonstrated that nanomolar concentrations of progesterone trigger a rise in 
cytoplasmic Ca
2+
 in porcine sperm. Increases in intracellular Ca
2+
 concentrations are commonly 
associated with changes that occur during capacitation. A previous report showed a stimulatory 
dose-dependent effect of progesterone up to one µM on important human sperm functions 
associated with increased cytoplasmic Ca
2+
, such as hyperactivated motility, tyrosine kinase 
activity and phosphorylation of P90RSK (Sagare-Patil et al., 2012). They suggested that CatSper 
channels were involved in these progesterone-mediated effects. We tested the functional 
importance of CatSper in porcine sperm by blocking the progesterone-mediated Ca
2+
 entry in 
sperm using NNC 55-0396, a specific T-type calcium channel inhibitor (Huang et al., 2004, 
Lishko et al., 2011, Strunker et al., 2011). Blocking CatSper for 30 min was sufficient to fully 
suppress the Ca
2+
 influx induced by progesterone (Figures 21 and 22). Progesterone-mediated 
Ca
2+
 entry in sperm was CatSper-specific; mifepristone, a classical progesterone receptor 
antagonist, did not modify Ca
2+
 influx. These results suggest that the Ca
2+
 entry in porcine sperm 
that is regulated by progesterone is occurring through activation of CatSper channels, regarded as 
the only known sperm-specific Ca
2+
 channels essential for the development of sperm 
hyperactivated motility and sperm fertilizing ability (Qi et al., 2007, Ho et al., 2009).  
Here, we show that CatSper channels are required for sperm release from oviduct 
aggregate cells in vitro. Treatment of sperm with NNC 55-0396 completely abrogated the effects 
of progesterone on sperm release. Other authors also showed that increases in intracellular Ca
2+
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are associated with sperm release from oviductal vesicles in vitro (Hunter et al., 1999, Bureau et 
al., 2002). Although it is not clear whether the hyperactivation of sperm potentiated by CatSper 
is associated with release from the sperm reservoir, our results demonstrate that Ca
2+
 influx 
elicited by progesterone through CatSper is be an important regulatory component of the sperm 
release mechanism. 
 Our data support the model that progesterone acting on CatSper channels activates 
release of porcine sperm from isthmic cell aggregates. Increasing progesterone concentrations in 
the sperm reservoir might be one of the signals that accompany the impending ovulation and 
facilitate release as well as transport of sperm in the oviduct toward the ovulation site (Chang 
and Suarez, 2012). In fact, there is a large body of evidence indicating that progesterone is 
involved to at least some extent in sperm detachment from the isthmus in vivo (Hunter and 
Leglise, 1971, Hunter, 1972, Hunter et al., 1999, Bureau et al., 2002, Alasmari et al., 2013). Still, 
the exact mechanisms that induce sperm release are not clear. In addition, it is not clear how the 
increase in intracellular Ca
2+
 induced by progesterone action on CatSper leads to sperm release. 
Elucidation of the complex events related to sperm hyperactivation, capacitation, and release 
form the sperm reservoir and other dynamic phenomena that take place in the oviduct need 
further investigation.  
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Figures 
 
 
Figure 19. Progesterone promotes sperm release from oviduct cell aggregates in vitro. 
Sperm were allowed to bind to oviduct cell aggregates for 15 in at 39ºC. Sperm-oviduct cell 
aggregate complexes were treated with 80 and 800 nM of progesterone for 30 min at 39ºC, 
washed to remove loosely adherent sperm and transferred onto microscope slides for 
documentation. Progesterone treatment decreased the number of sperm bound to the periphery of 
epithelial cells when compared to vehicle control. This experiment was repeated four times. 
Asterisks represent significant differences between treatment and control groups (p < 0.05).    
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Figure 20. The effect of progesterone on sperm detachment from oviduct cell aggregates is 
specific. Sperm were allowed to bind to oviduct cell aggregates for 15 in at 39ºC. Sperm-oviduct 
cell aggregate complexes were treated with 80 nM of either progesterone, 17α-OH-progesterone, 
or pregnenolone for 30 min at 39ºC. The complexes were washed to remove loosely adherent 
sperm and transferred onto microscope slides to assess the number of sperm attached to the 
periphery of the cell aggregates. Progesterone promoted a significant release of sperm from cell 
aggregates. Pregnenolone and 17α-OH-progesterone, structurally related steroids, did not modify 
sperm binding. This experiment was repeated three times. The asterisk represents a significant 
difference among treatments (p < 0.05). 
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Figure 21. Progesterone stimulates Ca
2+
 influx in sperm. Fluo-4 loaded sperm were incubated 
in capacitating conditions at 39ºC with 80 nM of progesterone or vehicle. Fluorometric 
assessments corresponding to free intracellular Ca
2
 were recorded at 0, 15, and 30 min. 
Progesterone stimulated significantly more Ca
2+
 influx than the control at 30 min. This 
experiment was repeated three times. The asterisk represents a significant difference between 
treatments at the same time-point (p < 0.05). 
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Figure 22. Progesterone-stimulated Ca
2+
 entry in porcine sperm is dependent on CatSper 
channels. Sperm loaded with Fluo-4 were incubated in capacitating conditions at 39ºC. All 
groups were treated with 80 nM of progesterone. Sperm were treated with 0, 0.4, and 2 µM of 
NNC 55-0396, an inhibitor of CatSper channels. The number of photons per second generated by 
the conjugation of Fluo-4 and Ca
2+
 was measured at 0, 15, and 30 min. At 30 min of incubation, 
inhibition of CatSper channels suppressed the normal rise in Ca
2+
 entry stimulated by 
progesterone. This experiment was repeated three times. Different letters represent significant 
differences within a time point (p < 0.05).  
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Figure 23. Progesterone-stimulated Ca
2+
 entry in porcine sperm is not dependent on 
classical progesterone receptors. Sperm loaded with Fluo-4 were incubated in capacitating 
conditions at 39ºC for up to 30 min. The groups were treated with vehicle control, 80 nM of 
progesterone, and 80 nM of progesterone plus 500 nM of RU-486 (Mifepristone), a progesterone 
receptor antagonist. The presence of a classical progesterone receptor inhibitor did not influence 
Ca
2+
 entry, ruling out the involvement of these receptors in progesterone-mediated Ca
2+
 entry in 
porcine sperm. The asterisks represent significant differences (p < 0.05) among the groups 
treated with progesterone and vehicle control. This experiment was repeated three times. 
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Figure 24. Sperm release from oviduct cell aggregates mediated by progesterone is 
dependent on CatSper channels. Sperm were allowed to bind to oviduct cell aggregates for 15 
min at 39ºC, and treated with 0 (vehicle control), 80 nM of progesterone, and 80 nM of 
progesterone plus 2 µM NNC 55-0396 of for 30 min at 39ºC. The sperm-aggregate complexes 
were washed to remove loosely adherent sperm and transferred onto microscope slides to 
enumerate the number of sperm bound to the periphery of the aggregates. Progesterone 
decreased significantly the number of sperm bound when compared to vehicle control whereas 
blocking CatSper channels abolishes the effects of progesterone on sperm detachment. This 
experiment was repeated four times. Asterisk represents significant differences among different 
treatments (p < 0.05). 
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CHAPTER 6: OVERALL CONCLUSIONS 
 
Summary 
Sperm storage in the female reproductive tract is a reproductive strategy used by a 
number of animals. Formation of a reservoir in the oviductal isthmus regulates capacitation and 
sperm viability, which is important in species like swine because ovulation is not well 
synchronized with the onset of estrus. Until recently, the identity of the molecules that allow the 
formation of a sperm reservoir in porcine was not clear. In this work, we observed that 
biantennary α2,6-sialylated N-Acetyllactosamine and Lewis X trisaccharide specifically mediate 
boar sperm storage in the isthmus and regulate major events associated with capacitation, such as 
Ca
2+
 influx and phosphorylation of protein tyrosine residues. Late stages of capacitation are 
accompanied by sperm release from the sperm reservoir. Our results indicate that sperm 
detachment from the oviduct reservoir is induced by progesterone action through CatSper 
channels. This is the first report showing that i) authentic oviductal glycans participate in the 
formation of a sperm reservoir in swine, ii) these glycans control key events associated with 
sperm function, and, iii) progesterone and CatSper channels regulates sperm release from the 
porcine sperm reservoir.  
 
Future Directions 
This project addressed questions that may improve the understanding of fertilization in 
species in which ovulation is not always well synchronized with semen deposition. The 
possibility of improvement in sperm storage conditions in species like swine is greatly valuable. 
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Potential applications of the knowledge obtained from the experiments suggested in this proposal 
include the use of authentic glycans found to be necessary for the formation of the porcine sperm 
reservoir in: 
a) Extenders, to lengthen sperm lifespan. The mechanisms associated with increased sperm 
lifespan might involve suppressed Ca
2+
 influx, preventing premature capacitation-like 
processes that commonly occur in in vitro manipulated boar semen.  
b) Tests for cryopreserved semen, to select for the best batches of semen to be used either in 
vivo or in vitro. Because cryopreservation appears to capacitate sperm prematurely, 
incubating freshly thawed sperm with an appropriate sugar-coated matrix would give an 
estimation of the percentage of viable sperm still available for binding to isthmic epithelial 
cells in vivo.  
c) Molecular targeting for contraception (e.g., CatSper) in wildlife management, boar semen 
cryopreservation, and overall control of fertility both in domestic and wild species. 
 
Additionally, the basic knowledge generated by this work can be used toward new 
research in the field of semen physiology. For instance, given that the sperm reservoir harbors 
thousands of sperm, which ones respond first to peri-ovulatory signals in order to be released 
from the sperm reservoir (assuming that only a very limited number will be released at any given 
time)? Are there other molecules involved in the formation of the porcine sperm reservoir? Is 
localization in the sperm reservoir a determinant of sperm selection? Does time spent in the 
reservoir matter? Is the level of protein phosphorylation or other biochemical changes in the 
sperm plasma membrane important? Do any other maturational changes influence what sperm is 
going to be released first? What are the molecular and functional features of the sperm reservoir 
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in other domestic and wild species? These are few questions that can be asked to determine the 
importance of the sperm reservoir in various species in which reproduction management is 
significant.  
 
Suggested Working Model 
The cascade of events that lead to fertilization is part of a complex series of signaling 
mechanisms that synchronize ovulation and capacitation in the upper female reproductive tract. 
Figure 25 depicts a model that illustrates the proposed physiological processes involved in the 
formation of the sperm reservoir in swine. Our investigation led to the establishment of a 
functional relationship between SiLN and Le
X
 oviductal glycans and regulation of sperm 
function. Moreover, our data strongly suggest that progesterone and CatSper channels are 
implicated in the release of sperm from storage in the isthmus. 
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Figure 25. This proposed model presents the mechanisms by which porcine sperm bind to 
the epithelium, undergo capacitation and are released from the sperm reservoir. Upon 
semen deposition in the reproductive tract, a fraction of the sperm (1) is transported to the 
oviductal isthmus (2) where the sperm reservoir is established. Progesterone (P4) either produced 
by cumulus cells (associated with the oocyte or free) or diffused locally via a counter-current 
mechanism stimulates CatSper channels (3), resulting in influx of Ca
2+
. Hyperactivated sperm 
are released towards the site of fertilization in the ampulla (4). 
 
